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Preface

This volume of Lecture Notes in Artificial Intelligence (LNAI) includes accepted
papers presented at the 7th HAIS held in the beautiful and historic city of
Salamanca, Spain, in March 2012.

The International Conference on Hybrid Artificial Intelligence Systems (HAIS
2012) has become a unique, established and broad interdisciplinary forum for re-
searchers and practitioners who are involved in developing and applying symbolic
and sub-symbolic techniques aimed at the construction of highly robust and re-
liable problem-solving techniques to present the most relevant achievements in
this field.

Hybridization of intelligent techniques, coming from different computational
intelligence areas, has become popular because of the growing awareness that
such combinations frequently perform better than the individual techniques such
as neurocomputing, fuzzy systems, rough sets, evolutionary algorithms, agents
and multiagent Systems, among others.

Practical experience has indicated that hybrid intelligence techniques might
be helpful to solve some of the challenging real-world problems. In a hybrid
intelligence system, a synergistic combination of multiple techniques is used to
build an efficient solution to deal with a particular problem. This is, thus, the
setting of HAIS conference series, and its increasing success is proof of the vitality
of this exciting field.

HAIS 2012 received 293 technical submissions. After a rigorous peer-review
process, the International Program Committee selected 118 papers, which are
published in these conference proceedings. In this edition a special emphasis was
put on the organization of special sessions and workshops. Eight special sessions
and one workshop, containing 67 papers in total, were organized on the following
topics:

Special Sessions:

• Systems, Man, and Cybernetics by HAIS
• Methods of Classifier Fusion
• HAIS for Computer Security
• Data Mining: Data Preparation and Analysis
• Hybrid Artificial Intelligence Systems in Management of Production Systems
• Hybrid Artificial Intelligent Systems for Ordinal Regression
• Hybrid Metaheuristics for Combinatorial Optimization and Modelling Com-

plex Systems
• Hybrid Computational Intelligence and Lattice Computing for Image and

Signal Processing

Workshops:

• Nonstationary Models of Pattern Recognition and Classifier Combinations



VI Preface

The selection of papers was extremely rigorous in order to maintain the high
quality of the conference, and we would like to thank the Program Committee
for their hard work in the reviewing process. This process is very important to
the creation of a conference of high standard and the HAIS conference would
not exist without their help.

The large number of submissions is certainly not only testimony to the vital-
ity and attractiveness of the field but an indicator of the interest in the HAIS
conferences themselves.

HAIS 2012 enjoyed outstanding keynote speeches by distinguished guest
speakers: Tom Heskes, Radboud Universiteit Nijmegen (The Netherlands) and
Xindong Wu, University of Vermont (USA).

HAIS 2012 teamed up with the Neurocomputing (Elsevier) and the Applied
Soft Computing (Elsevier) journals for special issues and fast-track publication
including selected papers from the conference.

Particular thanks also go to the conference main sponsors, IEEE-Sección
España, IEEE Systems, Man and Cybernetics -Caṕıtulo Español, AEPIA, World
Federation of Soft Computing, MIR Labs, IT4Innovation Centre of Excellence,
The International Federation for Computational Logic, Ministerio de Economı́a y
Competitividad, Junta de Castilla y León, Ayuntamiento de Salamanca, Univer-
sity of Salamanca, who jointly contributed in an active and constructive manner
to the success of this initiative. We also want to extend our warm gratitude to
all the Special Session and Workshop Chairs for their continuing support of the
HAIS series of conferences.

We would like to thank Alfred Hofmann and Anna Kramer from Springer for
their help and collaboration during this demanding publication project.

March 2012 Emilio Corchado
Václav Snášel

Ajith Abraham
Micha�l Woźniak

Manuel Graña
Sung-Bae Cho
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Aldo Franco Dragoni Università Politecnica delle Marche, Italy
Alfredo Cuzzocrea ICAR-CNR and University of Calabria, Italy
Alicia Troncoso Pablo de Olavide University, Spain
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Lenka Lhotská Czech Technical University in Prague,

Czech Republic
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Lourdes Sáiz Barcena University of Burgos, Spain
Ana Gil University of Salamanca, Spain
Héctor Quintián University of Salamanca, Spain
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Bożena Skolud Wroclaw University of Technology, Poland
Anna Burduk Wroclaw University of Technology, Poland
Arkadiusz Kowalski Wroclaw University of Technology, Poland
Cezary Grabowik Wroclaw University of Technology, Poland
Kamil Krot Wroclaw University of Technology, Poland
Krzysztof Kalinowski Wroclaw University of Technology, Poland
Miczyslaw Jagodzinski Wroclaw University of Technology, Poland



Organization XVII

Tomasz Chlebus Wroclaw University of Technology, Poland
Micha�l Kuliberda Wroclaw University of Technology, Poland
Damian Krenczyk Wroclaw University of Technology, Poland
DimitrisMourtzis University of Patras, Greece

Hybrid Artificial Intelligent Systems for Ordinal
Regression

César Hervás University of Córdoba, Spain
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Álvaro Herrero University of Burgos, Spain
Bruno Baruque University of Burgos, Spain
Piotr Sobolewski Wroclaw University of Technology, Poland
Konrad Jackowski Wroclaw University of Technology, Poland
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José Luis Calvo-Rolle, Emilio Corchado, Héctor Quintian-Pardo,
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Joaqúın Derrac, Isaac Triguero, Salvador Garćıa, and
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Dynamics of Networks Evolved for Cellular Automata Computation . . . . 359
Anca Gog and Camelia Chira

From Likelihood Uncertainty to Fuzziness: A Possibility-Based
Approach for Building Clinical DSSs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Marco Pota, Massimo Esposito, and Giuseppe De Pietro

Combining Metaheuristic Algorithms to Solve a Scheduling Problem . . . . 381
Ma Belén Vaquerizo, Bruno Baruque, and Emilio Corchado

Hybrid Computational Intelligence and Lattice
Computing for Image and Signal Processing

Image Analysis Pipeline for Automatic Karyotyping . . . . . . . . . . . . . . . . . . 392
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Abstract. Compared to other methods, rough set (RS) has the advantage of 
combining both qualitative and quantitative information in decision analysis, 
which is extremely important for customer relationship management (CRM).  

In this paper, we introduce an application of a multi-agent embedded incre-
mental rough set-based rule induction to CRM, namely Incremental Rough Set-
based Rule Induction Agent (IRSRIA). The rule induction is based on creating 
agents within the main modeling processes. This method is suitable for qualita-
tive information and also takes into account user preferences. Furthermore, we 
designed an incremental architecture for addressing dynamic database problems 
of rough set-based rule induction, making it unnecessary to re-compute the 
whole dataset when the database is updated. As a result, huge degrees of com-
putation time and memory space are saved when executing IRSRIA.  Finally, 
we apply our method to a case study of a cell phone purchase. The results show 
the practical viability and efficiency of this method, and thus this paper forms 
the basis for solving many other similar problems that occur in the service  
industry. 

Keywords: Rough sets, Incremental Algorithm, Rule Induction, Intelligent 
Agents, Customer Relationship Management. 

1 Introduction 

Today, a numerous and diverse number of enterprises are rushing to become more 
customer focused. A key component of many such initiatives is the implementation of 
Customer Relationship Management (CRM). CRM, defined as a widely implemented 
strategy for managing a company’s interactions with customers, uses technology to 
organize, automate, and synchronize business processes. The purpose of CRM is to 
increase business effectiveness and efficiency, and thereby increase profitability [1].  

Accordingly, many data mining approaches have been devised to analyze the CRM 
data, such as association rules, classification, clustering, and prediction, and so forth. 
However, in CRM, information related to customer-preferred features are sometimes 
collected by using research, interviews, meetings, questionnaires, sampling, and other 
techniques. These types of data are often discrete and frequently in qualitative format. 
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Analyzing this qualitative data and extracting information are useful for promoting 
sales is critical to CRM [2]. Rough Set Theory (RST), which is introduced by Pawlak 
in 1982 [3], is a knowledge discovery tool that can be used to help induce logical 
patterns hidden in massive data. Compared to other methods, the rough set approach 
has the advantage of combining both qualitative and quantitative information in the 
decision analysis, and it acts as a very usable tool to analyze data involving 
preference[4]. All these benefits are extremely important to CRM. In addition, rough 
set-based rule induction is a novel data mining technique that can automatically ex-
plore and analyze large amounts of data in transaction databases, and then can discov-
er potentially significant patterns and rules underlying the database [5]. Since it de-
velops synthetic and easily understandable representations of knowledge by using if-
then format decision rules, it is useful in decision support and strategy formulation of 
CRM.  

Besides issues with managing qualitative data, another challenge of CRM is the 
quickly growing rate of data in dynamic databases. Once a system is installed and 
used for daily operations within a business, tremendous amounts of data is updated. 
As the amount of data changes over time, using this information without refreshing 
could lead to inaccurate analytical results and thus unacceptable decisions, because 
the extracted knowledge is based on previous behaviors of the analyzed objects [6]. 
Because the issue occurs frequently, an efficient incremental rough set-based rule 
induction to CRM is required. In addition, when discovering the preference-based 
decision rule by rough set theory in CRM, this process is complex and computational-
ly intensive, and involve many optimization problems, especially in reduct computa-
tion of rules generation phase, it is NP-hard [7]. These problems result in high process 
times and the generation of large numbers of rules. Therefore, we solve these prob-
lems by embedding an agent-based approach within the incremental rough set-based 
rule induction framework.  

In summary, considering the aforementioned issues, we embedded an agent-based 
model within the incremental rough set-based rule induction, named Incremental 
Rough Set-based Rule Induction Agent (IRSRIA). The purpose of this paper is to 
illustrate that the use of these agents within rule induction can improve mining speed 
and maintain the quality of knowledge. In addition, this method is suitable to deal 
with qualitative information and takes the user’s preferences into account. Moreover, 
IRSRIA can deal with incremental data solely instead of re-computing the entire data-
set when the database is updated. As a result, huge computing time and memory space 
are saved. A case study of CRM is applied to show the validity and efficiency of this 
method. Since this subject is rarely considered in previous literature, we believe that 
this study will open a new avenue for CRM.  

2 Literature Review 

2.1 Rough Set-Based Rule Induction 

In order to gain meaningful decision rules, two approaches are introduced. The first 
one is feature reduction algorithm, which is a pre-processing method of rule induc-
tion. It removes redundant information or features and selects a feature subset that has 
the same discernibility as the original set of features. Secondly, the rule induction 
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algorithms generate decision rules that potentially reveal profound knowledge and 
provide new insight. These decision rules are more useful for experts to analyze and 
gain understanding of the problem at hand [8].  

However, some conventional rough set-based approaches cannot produce rules 
containing preference order; namely, they cannot achieve more meaningful and gen-
eral rules [9]. Also, the knowledge discovery literature [10] indicates that using rough 
set-based rule induction often generates too many rules without focus. These rough 
set approaches cannot guarantee that the classification of a decision table is credible 
[11]. Besides, the conventional rough set-based rule inductions assume that all fea-
tures are equally important. This assumption is not likely to prevail, as the weighting 
of each feature may not necessarily be equal to the real-world case [12]. For example, 
some features might be more important than others and therefore may be assigned a 
higher weight. In order to resolve these problems, Tseng, Huang, and Jiang [11] pro-
posed the Rule-Extraction Algorithm (REA). REA was presented for discovering 
preference-based rules according to the reducts that contain the maximum strength 
index (SI). Also, REA takes into consideration features that are of unequal signific-
ance, and their respective weighting.  

In conclusion, this study develops the IRSRIA based on the concept of Rule-
Extraction Algorithm (REA) of Tseng, Huang, and Jiang [11]. It is a reliable rule 
induction approach that meets the requirements of CRM and is capable of managing 
qualitative data. Moreover, the client’s preferences with respect to product features 
are taken into account. The resulting decision rules are concise and understandable, 
and thus they are useful in decision support and strategy formulation of CRM.  

2.2 Related Incremental Algorithm 

In data mining, an incremental technique is a way to solve the issue of newly-added 
data without re-implementing the DM algorithm in a dynamic database. Various me-
thods have been developed to deal with the problem of dynamic databases in the 
fields of classification, association rules, clustering methods, and so on [13]. For  
example, Agrawal and Bala [14] built an incremental Bayesian classification for mul-
tivariate normal distribution data. Awad and Motai [15] proposed an incremental 
multi-classification method and applied to video stream data, which consists of an 
articulated humanoid model monitored by a surveillance camera.  

Despite the wealth of prior researches, some of these approaches are not suitable 
for processing qualitative information. In addition, some of the aforementioned 
approaches are a type of population-based approach that may require several 
statistical assumptions, and thus have limitations in handling qualitative types of data. 
Furthermore, a number of them require calculating the decision matrix for each 
decision attribute, even though the number of decision attributes are usually very 
large (e.g. in mass data information systems). This leads to the consumption of large 
amounts of time and memory [16].  

2.3 Hybrid Artificial Intelligent Agent Systems 

In this study, the proposed Incremental Rough Set-based Rule Induction Agent 
(IRSRIA) is based on RS-based rule induction and incremental algorithm. The RS-
based rule induction aims at generating the meaningful decision rules for decision 
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makers to analyze CRM database. The incremental algorithm is a way to solve the 
issue of newly-added data without re-implementing the overall algorithm in a dynam-
ic database. Since both of the processes in RS-based rule induction and incremental 
algorithm are computationally intensive, we embedded an agent-based method into 
this incremental rule induction framework. Ideally, such hybrid architecture would be 
beneficial for decision support by incorporating the advantages of rough set theory, 
incremental approach and multi-agent system. Practical experience has also indicated 
that hybrid intelligence techniques might be helpful to solve some of the challenging 
real world problems [17]. In a hybrid intelligence system, a synergistic combination 
of multiple techniques is used to build an efficient solution to deal with a particular 
problem [18]. For example, Pedrycz and Aliev [19] proposed a logic-oriented neural 
networks, which benefits from the establishment of highly synergistic links between 
the technology of fuzzy sets and neural networks. Bakar, Othman, and Hamdan [7] 
proposed a classifier based on creating agents within the main modeling processes 
such as reduct computation, rules generation and attribute projections, assisting the 
execution of a rough set classifier.  

The agent is a program that performs a specific task intelligently without any hu-
man supervision and can communicate with other agents cooperatively [20]. The 
agent can assist or act on behalf of users to do multiple tasks or repetitive tasks. This 
hybrid intelligent agent system is a natural distributed computing environment, allow-
ing agents running on different computing hosts simultaneously to achieve high avail-
ability [21]. As a result, it is suitable for addressing the fast-changing database of 
CRM. However, few agent-based approaches are applied on rough set theory. There-
fore, the proposed IRSRIA is a prototype method and forms the basis for solving the 
rough set-base rule induction.  

3 Solution Approach 

3.1 The Incremental Architecture of Rough Set-Based Rule Induction 

By employing Rough Set Theory, decision rules can be extracted for each homogene-
ous cluster of data records and the relationships between different clusters. However, 
because the data in most databases are ever changing, a good method for real applica-
tions must handle data change conveniently [22]. Since our approach is a typically 
incremental one, it can handle data change conveniently. Herein, the situation of data 
change can be divided into four cases: 

• Case1: Data change causes the original rules and reducts to be incomplete and 
insufficient. 

• Case2: Data change causes contradictions among the original rules and reducts.  
• Case3: Data change causes the original rules insufficient and incomplete but not 

the original reducts. 
• Case4: Data change does not cause any contradictions, and the original rules can 

cover new objects. 

Case 1 indicates that when a new data set is added, the original rules and reducts can 
not cover the new data, that is, the new added-in data neither be covered nor contra-
dict the original reducts and rules. Case 2 denotes that the added data set causes con-
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tradictions among the original rules and reducts. For instance, object A collides with 
object B, if and only if object A and object B have the same condition feature values, 
and their corresponding decision feature values are different. Case 3 signifies that the 
newly added data set does not collide with the original rules and can also not be cov-
ered by the original rules. However, it can be covered by the original reducts. Lastly, 
Case 4 illustrates newly added data that does not collide with the original rules and 
that can be covered by the original rules. The case 3 and 4 are both the situation that 
the original database is able to deal with the new added in data and the whole data-
base re-computing is unnecessary. The aforementioned four cases are used to exhibit 
situations when a new object is added into the database. In the following section, an 
agent-based approach IRSRIA is developed and employed to deal with the incremen-
tal rough set-based rule induction. 

3.2 The Agent-Based Solution Approach 

In this study, the rule induction is based on creating agents within the main modeling 
processes such as status determination, reduct generation, significance index (SI) 
computation, and rule induction. Four main agents are introduced: the status determi-
nation agent, the reduct generation agent, the SI computation agent, and the rule in-
duction agent. First, the status determination agent is used to deal with the incremen-
tal issue. When a new data set is added into the CRM database, this agent will deter-
mine which case this new object belongs to and is responsible for identifying which 
objects in the original database are also affected. Then the remaining three agents are 
designed to handle the process of rough set-based rule induction in the sequence of 
the reduct generation agent, the SI computation agent, and the rule induction agent. 
These three are dedicated to inducting the preference-based decision rules. The details 
of these four agents will be discussed in the next sections.  

3.2.1   The Status Determination Agent 
The status determination agent acts as a program for determining in which case the 
new data object belongs. Also, this agent is responsible for identifying which objects 
in the original database are affected. The procedures of the status determination agent 
are illustrated in Figure 1.  

 

Fig. 1. The procedure of the status determination agent 
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The incremental techniques applied to rough sets have two bases: a reduct table and a 
rule table. When comparing the incremental algorithm based on the reduct table and 
the incremental algorithm based on the rule table, the second approach is more effi-
cient [16]. The rule table, which contains information on the raw data, is deduced 
from the reduct table. Hence, there are fewer items in the rule table than in the reduct 
table, which is why the agent checks the rule table first.   

As mentioned previously, the status determination agent is also responsible for 
identifying which objects in the original database are affected, thus the remaining 
three agents will execute tasks only on the objects that are affected by the newly add-
ed data. It does not re-compute the reducts or rules that are not influenced by the in-
cremental data set; hence IRSRIA is less time-consuming than other traditional me-
thods. 

 
3.2.2   The Reduct Generation Agent 
The reduct generation agent acts as a program of reduct computation. In Rough set 
theory, a reduct is generally defined as a minimal subset of features that can classify 
the same domain of objects as unambiguously as the original set of features [23]. 
Basically, the reducts represent necessary condition features to make a decision. By 
using feature reduction techniques, the decision rules extracted from an information 
system can be simplified without reducing the accuracy of the classification. The key 
notions in rough set-based feature reduction are reduct and core. However, the time 
complexity of the original algorithm for feature reduction proposed by Pawlak [23] is 
O(m22n), where n is the number of features and m is the number of objects. Thus the 
algorithm is very limited in actual applications. For this concern, we adopt a complete 
algorithm for feature reduction in rough set theory proposed by Jiang and Du [24]. 
This algorithm not only finds the Pawlak reduction, but also guarantees that the re-
duction set found is the smallest available. Also, it has a polynomial complexity, 
which in the worst case is O(m2n2). Since finding all reducts is definitely a repetitive 
and painstaking task, an autonomous reduct generation agent-based on the incremen-
tal architecture is proposed. The procedures of the reduct generation agent are listed 
as follows.  

The Procedure of the Reduct Generation Agent 

Input:   The influenced objects  
Output: The reducts of influenced objects 
Reduct generation agent start 
If the new object belongs to case 1 or 2  
Then go to Step 1 
Step 1. Initialization: List all objects  
Step 2. Generate the reducts for each object 

   If jA[Vij]  ⊂  k|iO[ ikV ]  
   Then the reducts for Xi is formed 
   Else 

If 
][ ij

AAC
V

j
j

∩
− ⊂ k| iO[ ikV ]  

Then the reducts for Xi is formed 
Else the reducts for Xi is not formed 
Else (case 3 or 4): The new object will be assigned the original reduct, 
which can cover the newly added object   
Reduct generation agent closed: Stop and output the results 
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Where each Aj feature contains Vij, while 
k|iO[ ikV ]  includes the objects with each Ok|i 

outcome (decision) feature containing Vik. In order to find dispensable features, the 
examination of each feature of the object is required.  

3.2.3   The SI Computation Agent 
The SI (significance index) computing agent computes the SI, which represents the 
importance of reduct in the decision table. The direct use of the results provided by 
the reduct generation agent may lead to many reducts that contain condition features 
that are not meaningful. SI facilitates extracting meaningful rules, because it is de-
rived from the weight of each feature. The measurement of the weight is based on 
domain experts’ judgment and external assessment in the specific industry [12]. In 
order to solve large-scale reduct selection problems, provide flexible weight assign-
ment, and reduce the burden of developing sophisticated mathematical models, an SI 
computation agent is employed and presented. Through SI computation, the reduct 
with highly correlated features to customers’ characteristics are identified. 

An SI helps identify meaningful reducts. A reduct with a higher value in the signi-
ficance index is more preferable to a reduct with a lower value index, because the 
higher the SI, the more desirable the features contained in the reduct. Moreover, the 
comparison of reducts is restricted to the same decision features and the number of 
features selected in the reducts. Finally, for obtaining the rules from the reducts, the 
SI computing agent needs to compute all reducts of each object, and then the rule 
induction agent is able to select the most preferred reduct (with maximum SI) as the 
final rule. 

The significance index (SI) of reduct r is defined as follows.  

SI (r) = ∑
=

m

j 1
Wjvj × nr   (1)

Where, r = the reduct number, r = 1, ..., n; nr = the number of identical reducts r; Fj 
= the j-th feature, j = 1, …, m; Wj = weight of the j-th feature; vj = 1 if condition fea-
ture j is selected, 0 otherwise (Fj = “x”). For example, if reduct 1 is {1, x, 3, (0)}, the 
first three element “1, x, 3” means the corresponding features 1 to 3 of this reduct. 
The last element (0) means that the outcome of reduct 1 is “0.” When an expert as-
signs the weight of feature 1 to 3 is {0.1, 0.2, 0.3}. The SI of reduct 1 will be 0.1×1 + 
0.2×0 + 0.3×3 = 1. 

 
3.2.4   The Rule Induction Agent 
The rule induction agent acts as a program for extracting the preferences-based deci-
sion rules from the reduct table. In order to acquire meaningful decision rules, two 
approaches are required. The first is a reduct generation procedure, and the second is 
a rule induction algorithm. The reduct generation procedure is pre-processing method 
of rule induction, which removes redundant information or features and selects a fea-
ture subset that has the same discernability as the original set of features. However, 
there are too many reducts generated from the procedure, and hence the rule induction 
algorithm is required to induct the concise decision rules that contain the maximum 
significance index. These decision rules may potentially reveal profound knowledge 
and provide new insight, which makes them more useful for experts to analyze and 
gain understanding into the current problem [25]. The following procedure of induct-
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ing rules is performed by the rule induction agent. The original algorithm is adopted 
from the Rule-Extraction Algorithm (REA) of Tseng, Huang, and Jiang [11]. 

3.3 The Time Complexity of the Proposed IRSRIA 

In order to present the time complexity of the proposed IRSRIA and the traditional 
REA [11], the following notations are used: n: the number of features, m: the number 
of objects, t: the number of reducts. The time complexity of the traditional REA algo-
rithm in the worst case is O(m22n + t2n), which can be solved in exponential time. 
However, the time complexity of the proposed IRSRIA in the worst case is O 
(m2n2+t2), which can be solved in polynomial time. Hence, in comparing the complex-
ity of IRSRIA with REA, the proposed IRSRIA is more efficient. 

4 Case Study 

A cell phone vendor company HJK Inc. plans to develop a strategic plan to promote 
their products. Because the marketing manager desires to learn its customers’ pur-
chasing patterns through customer profiles, HJK Inc. collected data on consumers’ 
preferred features that are related to cell phone purchasing decisions. The customer 
preferred features of the cell phone purchase are illustrated in Table 1. 

Table 1. Customer preferred features of the cell phone purchase 

 Description 0 1 2 3 4 
F1 Amount of application Matterless Few Medium Large — 
F2 Operating system Symbian Android iOS Other — 
F3 Physical styles Bar Clamshell Flip Slide Swivel 

F4 Multimedia options & 
memory Matterless Low Medium High — 

F5 Battery life Matterless Low Medium High — 
F6 Personalization options Matterless Low Medium High — 
O Outcome Phone N Phone H Phone A Phone B — 

 
To achieve this goal, HJK Inc. has employed a rough set base rule induction ap-

proach to extract the meaningful decision rules to understand the customer’s prefe-
rence upon the feature of the products (as Table 2). HJK Inc. has realized that this 
method is helpful to launch a desirable and effective marketing strategy and adver-
tisement. Based on the derived decision rules, it is beneficial for HJK Inc. to offer the 
right products or services to the right segments of customers, and then recommend the 
appropriate product or service to the right person. 

Table 2. The resulting concise rules of HJK Inc. 
Concise Decision Rules 
D1: F6=“3” → Outcome=“0” 
D2: F3=“3” → Outcome=“1” 
D3: F5=“0” → Outcome=“2” 
D4: F3=“0” → Outcome=“3” 
D5: F1=“3” ∩ F2=“2” ∩ F3=“1” ∩ F5=“2” ∩ F6=“1” → Outcome=“3”
D6: F2=“2” ∩ F3=“1” ∩ F4=“1” ∩ F5=“2” ∩ F6=“1” → Outcome=“3”
D7: F1=“0” ∩ F2=“3” ∩ F3=“2” ∩ F5=“3” ∩ F6=“1” → Outcome=“3”
D8: F2=“3” ∩ F3=“2” ∩ F4=“1” ∩ F5=“3” ∩ F6=“1” → Outcome=“3”
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However, there are still challenges ahead. The data in the CRM database of HJK 
Inc. has been increasing, and will shortly be updated with a large amount of new in-
formation as a result of daily use and operations. In order to verify the efficiency of 
the proposed IRSRIA, an application has been developed for executing the Rule-
Extraction Algorithm (REA) [11] and the proposed IRSRIA. The run time is obtained 
under the following environment: a Lenovo X200 7458RW8 notebook with 3 GB 
RAM, CPU (Intel® Core™ 2 Duo 2.40GHz), and Windows XP Service Pack 3.  
Also, a toolkit for rule induction, RESE (Rough Set Exploration System [26]) was 
used in the experiment. We measure the performance of our method by run time and 
classification accuracy.  

4.1 Experiment 1 

For experiment 1, the original dataset has 168 customers’ data. Four incremental data 
sets in the CRM database of HJK Inc., belonging to cases 1 through 4 (in the incre-
mental architecture of rough set-based rule induction), are tested. Table 3 shows the 
results of the comparison between traditional REA and IRSRIA applied on four dif-
ferent cases. 

Table 3. The comparison between REA and IRSRIA applied on four different cases 

 
REA

Run Time  
IRSRIA
Run time  

The reductive 
percentage  

Data set I (Case 1) 1.925 0.475 75.32% 
Data set II (Case 2) 1.825 0.625 65.75% 
Data set III (Case 3) 1.675 0.2 88.06% 
Data set IV (Case 4) 1.675 0.15 91.04% 
Overall  7.1 1.45 79.58% 

 
The results of experiment 1 show significant improvement in the run time by ap-

plying IRSRIA on the four different cases. Especially on cases where the original 
rules or reduct can cover the incremental data set, the reductive percentage of the run 
time is higher than 88%. As for case 1 and 2, the reductive percentages of run time are 
both higher than 65%.  

4.2 Experiment 2 

For experiment 2, the original dataset has 168 customers’ data. In order to test the 
validity of IRSRIA when applied to large-scale incremental data, we compared both 
IRSRIA and REA using 100 to 1000 newly added incremental objects. Table 4 shows 
the results of the comparison between traditional REA and IRSRIA.  

Table 4 shows the ratios of the run times of REA to IRSRIA for different numbers 
of incremental objects. It reveals that IRSRIA performs 4.9 times better than REA 
when the number of incremental objects is 100, and 11.1 times better than REA when 
the number of incremental objects is 400. Most importantly, when the number of in-
cremental objects is greater than 600, IRSRIA outperforms REA by more than 20 
times.  
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Table 4. The run times for the different number of incremental objects 

New Objects #  REA Run Time IRSRIA Run Time  Ratio of REA to IRSRIA 

100 246 50 4.9 : 1
200 595 86 6.9 : 1
400 1815 164 11.1 : 1
600 3555 176 20.2 : 1
800 7088 271 26.2 : 1

1000 10233 395 25.9 : 1

4.3 Experiment 3 

For experiment 3, there are 168 original objects and 1393 incremental objects, a total 
of 1561 objects are used from the HJK’s CRM database. In order to test the validity of 
the rules, which are extracted from the data set, we compared the classification accu-
racy of REA and IRSRIA with three traditional rule-based classification methods, 
including genetic algorithm (GA), LEM2 Algorithm (A new version of LERS), and 
Covering algorithm. In order to compare these different methods, the same test data 
was used. A toolkit for rule induction, RESE (Rough Set Exploration System) was 
also used in the experiment. The descriptions of these methods can refer to RESE 
tutorial [26]. The results of classification accuracy are provided in Table 5.  

Table 5. Summary of classification accuracy results 

Method Classification Accuracy
REA and IRSRIA 89.6%

Genetic Algorithm (GA) 87.0%
LEM2 Algorithm 85.3%

Covering algorithm 88.2%

 
From the comparison between REA & IRSRIA and other rule-based classification 

methods with respect to the classification accuracy, these results show that REA & 
IRSRIA is the best performance in those rule-based methods. Our work shows that 
using the agent model can reduce the mining time while maintaining the accuracy of 
generated rules.  

5 Conclusion 

The proposed IRSRIA is an agent-based model within incremental rough set-based 
rule induction. It has been used to analyze user profiles for CRM. By employing 
IRSRIA, the meaningful decision rules behind customer purchasing patterns can be 
extracted. Since a client’s preferences with respect to the features of a product have 
been taken into account, IRSRIA shows great promise for CRM, where businesses 
can precisely offer the right products or services to the right segments of customers. 

As to the issue of dynamic databases, since IRSRIA is designed based on incre-
mental architecture, it is capable of addressing dynamic database issues of CRM. 
IRSRIA aims at extracting rules by partially modifying the reducts, when new data is 
added to the database, rendering it unnecessary to re-compute the whole database 



 An Agent Model for Incremental Rough Set-Based Rule Induction 11 

 

from the beginning. The case study in section 4 shows that the proposed method sig-
nificantly reduces run time over all datasets and is able to maintain a high accuracy of 
generated rules simultaneously. Therefore, our work shows that using an agent model 
can considerably reduce the computation time of inducing the decision rules in a 
CRM database while maintaining the accuracy of rules. 
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Abstract. Despite the important advances in the argumentation theory,
it is difficult to find infrastructures of argumentation offering support for
agent societies and their social context. Offering support for agent soci-
eties allows to represent more realistic environments to have argumen-
tation dialogues. We propose an infrastructure to develop and execute
argumentative agents in an open Multi-Agent System. This infrastruc-
ture offers the tools to develop agents with argumentation capabilities,
including the communication skills and the argumentation protocol. It
also offers support for agent societies and their social context.

Keywords: Argumentation, Multi-Agent Systems, Case-Based
Reasoning.

1 Introduction

Argumentation theory has produced important benefits on many AI research
areas, from its first uses as an alternative to formal logic for reasoning with
incomplete and uncertain information to its applications in Multi-Agent Systems
(MAS) [15]. Currently, the study of argumentation in this area has gained a
growing interest. The reason behind is that having argumentation skills increases
the agents’ autonomy and provides them with a more intelligent behaviour.

An autonomous agent should be able to act and reason as an individual entity
on the basis of its mental state (beliefs, desires, intentions, goals, etc.). As mem-
ber of a MAS, an agent interacts with other agents whose goals could come into
conflict with those of the agent. In addition, agents can have a social context that
imposes dependency relations between them and preference orders among a set
of potential values to promote/demote. For instance, an agent representing the
manager of a company could prefer to promote the value of wealth (to increase
the economic benefits of the company) over the value of fairness (to preserve
the salaries of his employees). Therefore, agents must have the ability of reach-
ing agreements that harmonise their mental states and that solve their conflicts
with other agents by taking into account their social context. Argumentation is a
natural way of reaching agreements between several parties. The argumentation
techniques, hence, can be used to facilitate the agents’ autonomous reasoning
and to specify interaction protocols between them.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 13–24, 2012.
c© Springer-Verlag Berlin Heidelberg 2012
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Currently, the ASPIC project1 [3] made an effort to consolidate the work done
in argumentation languages and protocols, argument visualisation and editing
tools and, generally, in argumentation frameworks for MAS. Nevertheless, we
do not know about any infrastructure of argumentation in open MAS offering
support for agent societies and their social context (dependencies and values) to
generate, select and evaluate arguments.

In this work, we propose a case-based infrastructure to develop and execute
argumentative agents in a MAS. This work is an extension of those presented in
[12,13]. We use the argumentation framework as the base to build a case-based
infrastructure to deal with different kind of problems. A Case-Based Reasoning
(CBR) system tries to solve a problem by means of reusing the solution of an
old similar case [14]. This solution is previously stored in a memory of cases
(case-base) and it can either be retrieved and applied directly to the current
problem, or revised and adapted to fit the new problem. This infrastructure
offers the necessary tools to develop agents with argumentation capabilities, in-
cluding the communication skills and the argumentation protocol, and it offers
support for agent societies and their social context. The main advantage of hav-
ing this infrastructure is that it is possible to create agents with argumentation
capabilities to solve a specified problem. Also, the infrastructure allows agents
to store in the form of cases the information about the argumentation dialogues
that they hold. Therefore, agents can use their argumentation experience to en-
hance current argumentation dialogues. This approach can obtain better results
than other distributed approaches due to the argumentation process between
agents and their reasoning skills. In the argumentation dialogue the agents try
to reach an agreement about the best solution to apply for each proposed prob-
lem. Our approach is a hybrid system [7,1] that integrates CBR methodology,
argumentation and MAS.

This paper is structured as follows. In Section 2 the argumentation framework
implemented in the infrastructure for argumentative agents is presented. In Sec-
tion 3 the complete infrastructure developed in this work is explained. Section
4 shows an example of the use of the presented infrastructure in a customer
support application, and also an evaluation of the performance of the developed
application. Finally, Section 5 presents the conclusions extracted from this work.

2 Argumentation Framework

In this section, we explain the computational framework, proposed in [11], for the
design of MAS in which the participating software agents are able to manage and
exchange arguments between themselves, taking into account the agents’ social
context. First, we define precisely our notion for an agent society. After that, we
introduce the knowledge resources that agents can use to generate, select and
propose their positions (solutions proposals) and arguments to support them.
Furthermore, we present the argument types and their support set, that is a set

1 European Union’s 6th Framework ASPIC Project (IST-002307), http://www.fri.uni-
lj.si/en/laboratories/ailab/136/project.html
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of elements that support the argument. Finally, the argumentation protocol that
agents follow is shown. This protocol is the mechanism to manage arguments
and defines the argumentation dialogue that agents follow.

An agent society is defined in terms of a set of agents that play a set of roles,
observe a set of norms and a set of dependency relations between roles and use
a communication language to collaborate and reach the global objectives of the
group. This definition, based on the approach of [8] and [5], can be applied to
any open MAS where there are norms that regulate the behaviour of agents,
roles that agents play, a common language that allow agents to interact defining
a set of locutions and a formal semantics for each of these elements.

Furthermore, we consider that the values that individual agents or groups
want to promote or demote and preference orders over them have also a crucial
importance in the definition of an argumentation framework for agent societies.
These values represent the motivation of agents to act in a specific way. Also,
dependency relations between roles could imply that an agent must change or
violate its value preference order. For instance, a manager could impose their
values to an expert or a base operator could have to adopt a certain preference
order over values to be accepted in a group. Therefore, we endorse the view of [6],
who stress the importance of the audience in determining whether an argument
is persuasive or not for accepting or rejecting someone else’s proposals.

In open multi-agent argumentation systems the arguments that an agent gen-
erates to support its position can conflict with arguments of other agents and
these conflicts are solved by means of argumentation dialogues between them.
The argumentation framework includes a domain-cases case-base, with cases that
represent previous problems and their solutions. The domain-cases are used to
generate positions (solutions) to solve a problem and arguments to support them
or attack other positions and arguments. The structure of these cases is domain-
dependent and consist of a set of features that describe the problem to solve and
the solution applied.

Arguments that agents interchange are defined as tuples: Arg = {φ, v,< S >},
where φ is the conclusion of the argument, v is the value (e.g. economy, quality)
that the agent wants to promote with it and < S > is a set of elements that
support the argument (support set). A support set (S) is defined as a tuple:
S=< {P}, {DC}, {AC}, {DP}, {CE} >; with the following elements: Premises
(P) are features that describe the problem to solve. These are the features that
characterise the problem and that the agent has used to retrieve similar domain-
cases from its case-base. Note that the premises used might be all features of the
problem description or a sub-set. Domain cases (DC) are cases that represent
previous problems and their solutions whose features match with some or all
features of the problem description. Argument-cases (AC) are cases that repre-
sent past argumentation experiences with their final outcome. These cases are
used to select the best position and argument to propose in view of the current
context and the argumentation experience of the agent. Distinguishing premises
(DP) are premises that can invalidate the application of a knowledge resource to
generate a valid conclusion for an argument. These premises are extracted from
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a domain-case that propose a different solution for the argument to attack. They
consist of features of the problem description that where not considered to draw
the conclusion of the argument to attack. Counter-examples (CE) are cases that
match the problem description of a case but have different conclusions.

Agents generate support arguments when they are asked to provide evidence to
support a position since, by default, agents are not committed to show evidences
to justify their positions. Therefore, an opponent has to ask a proponent for an
argument that justifies its position before attacking it. Then, if the proponent
is willing to offer support evidences, it can generate a support argument which
support set is the set of features (premises) that describe the problem and match
the knowledge resources that it has used to generate and select its position.
Note that the set of premises could be a subset of the features that describe the
problem (e.g. when a position has been generated from a domain-case that has
a subset of features of the problem in addition to other different features).

When the proponent of a position generates an argument to justify it and an
opponent wants to attack the position or the argument, it generates an attack ar-
gument. Arguments can be attacked by putting forward distinguishing premises
and counter-examples. The attack arguments that the opponent can generate
depend on the elements of the support set of the argument of the proponent:

– If the justification for the conclusion of the argument is a set of premises,
the opponent can generate an attack argument with a distinguishing premise
that it knows. It can do it, for instance, if it is in a privileged situation and
knows extra information about the problem or if it is implicit in a case that it
used to generate its own position, which matches the problem specification.

– If the justification is a domain-case or an argument-case, then the opponent
can check its case-base of domain-cases and try to find counter-examples to
generate an attack argument with them.

The agents of the framework need a mechanism to manage the arguments and
perform the argumentation dialogue. Therefore, an argumentation protocol has
been defined in [12]. This protocol is represented by a set of locutions that the
agents use to communicate each other depending on their needs, and an state
machine that defines the behaviour of an agent in the argumentation dialogue.

3 Infrastructure

In this section, the infrastructure created to support the argumentation frame-
work is described. The components of the infrastructure and the interactions
between them are represented in Figure 1. The main components of our infras-
tructure explained in this Section are the argumentative agents, the Commit-
ment Store and the knowledge interchange mechanism. As we can see in Figure
1, there are different organizations or groups composed by some argumentative
agents. Also, the Commitment Store interacts with all the argumentative agents
to store the positions and the arguments generated in the argumentation dia-
logue. The knowledge interchange is performed by using concepts of a defined
ontology that is used as a language representation of the cases.
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Fig. 1. Infrastructure diagram

The agent platform used in the implemented infrastructure is Magentix22.
This is a platform that provides services and tools that allow for the secure and
optimized management of open MAS. There are two modules of the platform rep-
resented in Figure 1, the Organization Manager Service (OMS) and the Service
Facilitator (SF). The OMS is in charge of managing the organizations, groups,
roles and norms of the system. The SF registers the different services that can
offer the agents and acts as yellow pages to find services. A more detailed de-
scription of the OMS and the SF can be found in [4]. The argumentative agents
and the Commitment Store agent are extensions of the Magentix2 CAgent3.

3.1 Argumentative Agents

Argumentative agents are the most important element of our infrastructure.
These agents have all the tools needed to engage in an argumentation dialogue
and reach an agreement with other agents about the best solution to apply for a
problem. The solution applied to solve a problem in the past and the information
about the problem-solving process can be reused to propose a solution to another
similar problem. CBR systems have been widely applied to perform this task
[2,16]. The argumentative agents have two CBR based modules: Domain CBR
and Argumentation CBR, shown in Figure 1 and described in what follows.

Domain CBR. The argumentative agents have their own domain CBR. This
CBR store cases that represent previous solved problems. A domain-case is com-
posed basically by a set of features that describe the problem that the case solved
and the final solution applied. The cases in the case-base are organised by their
features. A case is equal to another if it has the same features with the same val-
ues in each feature. Thus, to retain cases in the case-base the features are used as
indexes to organise the cases. Also the features are used to extract similar cases
from the case-base in the retrieve phase. An algorithm based on the Euclidean
distance is used to measure the similarity degree between different cases of the

2 http://users.dsic.upv.es/grupos/ia/sma/tools/magentix2/index.php
3 http://users.dsic.upv.es/grupos/ia/sma/tools/magentix2/archivos/javadoc/
es/upv/dsic/gti ia/cAgents/CAgent.html
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Fig. 2. Structure of the Argument-case

domain case-base. This algorithm is easy to implement and it works well with
different domains. Other algorithms could be used, but it is not the objective
of this work to evaluate the different alternatives. To retrieve domain-cases of
the case-base, we perform queries with a set of features that must match the
problem description of the cases retrieved. The list of similar domain-cases re-
trieved is limited by a similarity degree, which is a threshold that can be specified
depending on the application domain.

Argumentation CBR. The Argumentation CBR consists of a CBR module
with argumentation data. This CBR stores arguments that were used in previous
argumentation dialogues as argument cases. The structure of an argument-case
is shown in Figure 2. The argumentative agents have their own argumentation
CBR. This knowledge is used to generate better arguments in the argumentation
dialogues taking into account similar previous argumentation experiences where
similar solutions were proposed. Thus, the best argument to propose in the
current problem to solve will be selected in view of the acceptance that had
a similar argument in the past. Therefore, argument-cases store information
related to the domain and the social context where previous arguments (and their
solution) were proposed. The problem description of an argument-case includes
information about the domain context where the argument was put forward
and information about the social context where the solution was applied (the
agents that participated in the dialogue, their roles or their value preferences).
The latter information can determine if certain arguments are more persuasive
than others for particular social contexts (their acceptability status was set to
accepted at the end of the dialogue where the argument was put forward).

3.2 Argument Management Process

The argument management process that the argumentative agents perform is
described below. It includes: the position generation, the support arguments
generation, the attack arguments generation and the argumentation mechanism.

Position Generation. A position is a solution that defends an agent as the
correct one to apply to the problem to solve. The position generation is made in
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two steps. First, the agent searches in its domain CBR the most similar domain-
cases to the current problem. With them, the agent is able to propose a list of
potential positions. Then, the agent evaluates the suitability of each position
using its argumentation CBR. To do that, such argument-cases which features
match with the domain-cases extracted are retrieved. Each position is evaluated
in function of its chances of being well defended. As this evaluation is based
on argument-cases, the best position to propose will be selected in view of the
acceptance that a support argument for a similar position had [10, Chapter 3].

Support Arguments Generation. A support argument is an argument that
justifies a position. The support set of this kind of argument can be formed by
argument-cases, domain-cases and premises. These cases and premises are used
as pieces of evidence to justify the solution defended by the position. To gen-
erate a support argument for a position, the argumentative agents search for
similar argument-cases that can justify the current position. Also, they include
the domain-case that is currently supporting the position in the support set.
Finally, a list of possible support arguments is generated with different combi-
nations of the available support elements in the support set. This list is ordered
by a suitability degree [10, Chapter 3] in terms of the acceptance that a similar
argument had in the past.

Attack Arguments Generation. An attack argument is an argument that
attacks a support argument or another attack argument. The attack argument
has a different solution than the argument attacked. To generate the attack
argument, the premises that the argument to attack has and the social context
(the relation with the other agent) are taken into account. The first type of
attack that the agent will try to generate is a counter-example attack, and if
it is not possible it will generate a distinguishing premises attack. An agent is
able to generate a list of potential attack arguments depending on the knowledge
resources used to generate them. Therefore, it has to query its argument-cases
case-base and taking into account the acceptance that similar arguments had in
the past, sort the list by suitability degree (as done for support arguments) [10,
Chapter 3]. Finally, the most suitable attack argument is used first.

Argumentation Mechanism. The agents of the framework need a mechanism
to manage the arguments and perform the argumentation dialogue. To deal with
this functionality, an argumentation protocol has been defined in [10, Chapter
3]. This protocol is represented by a set of locutions that the agents use to
communicate with other agents, and a state machine that defines the behaviour
of an agent in the argumentation dialogue. In each state, the different locutions
that can be received and generated are specified. Inside each state of the protocol,
the corresponding actions of the argument management process are performed
by using the necessary calls to the different functions implement them.

3.3 Commitment Store

The Commitment Store is a resource of the argumentation framework that stores
all the information about the agents participating in the problem-solving process,
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the argumentation dialogues between them, their positions and arguments. By
making queries to this resource, every agent can read the information of the
dialogues that it is involved in. In the infrastructure, it has been implemented
as an agent to allow a good communication with the other agents. Concretely,
it is an extension of the Magentix2 CAgent, as the argumentative agents are.

3.4 Knowledge Interchange Mechanism

The case-bases of the domain CBR and the argumentation CBR are stored as
OWL 24 data of an ontology5 that we have designed to act as language repre-
sentation of the cases. In this way, heterogeneous agents can use it as common
language to interchange solutions and arguments generated from the case-bases
of the argumentation framework. The main advantage of using ontologies is that
the structures and features of the cases are well specified and agents can easily
understand them. The infrastructure includes ontology parsers to provide an
API to read and write data in the case-bases. To implement them, we have used
the OWL API6, which is a Java API and reference implementation for creating,
manipulating and serialising OWL Ontologies.

4 Call Centre Example

In this section, we validate our infrastructure by implementing a call centre
application with it.

4.1 Customer Support Application

Nowadays, companies have to offer a good customer support to take an advantage
over their competitors. A good customer support depends, in many cases, on
the experience and skills of its operators. A quick and accurate response to
the customers problems ensures their satisfaction and a good reputation for the
company and, therefore, it can increase its profits.

A common customer support system settled in a company consists of a net-
work of operators that must solve the incidences (also known as tickets) received
in a Technology Management Centre (TMC). This help is commonly offered via
a call centre, where the operators have computers provided with a helpdesk soft-
ware and phone terminals connected to a telephone switchboard that balances
the calls among operators. Commonly, the staff of a call centre is divided into
three levels: 1) Base operators, who receive customer queries and answer those
ones from which they have background training; 2) Expert operators, who are
the technicians in charge of solving new problems; 3) Managers, who are in
charge of organising working groups, of assigning problems to specific operators
and of creating generic solutions.

4 http://www.w3.org/TR/owl2-overview/
5 http://users.dsic.upv.es/∼vinglada/docs/
6 http://owlapi.sourceforge.net/
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The solution applied to each problem and the information about the problem-
solving process could provide suitable information to improve the customer sup-
port offered by the company. The suitability of CBR systems in helpdesk appli-
cations to manage call centres has been guaranteed for the success of some of
these systems from the 90s to nowadays [2,16].

These approaches propose systems for human-machine interaction where the
CBR functionality helps the operators to solve problems more efficiently by pro-
viding them with potential solutions via the helpdesk software. We have applied
the infrastructure proposed in this paper to extend a previous work that pre-
sented a CBR module that acts as a solution recommender for customer support
environments [9]. The CBR module is flexible and multi-domain. However, to
integrate the knowledge of all experts in a unique CBR module can be complex
and costly in terms of data mining (due to extra large case-bases with possible
out-of-date cases). Moreover, to have a unique but distributed CBR could be a
solution, but to assume that all operators are willing to share unselfishly their
knowledge with other operators is not realistic, since in many companies they
are under privacy contracts depending on the project that they work or they
get incentives if their performance overpasses the one of their colleagues. In this
case, the modelling of the system as a MAS will be adequate. Finally, several
experts could provide different solutions and hence, they need a mechanism to
negotiate and reach an agreement about the best solution to apply.

In our prototype, the operators and experts of a call centre are represented by
agents that use an automated helpdesk and argue to solve an incidence. Every
agent has individual CBR resources and preferences over values (e.g. economy
in the resources used, quality of the solution applied, solving speed). A solution
for a problem promotes one value. Thus, each agent has its own preferences to
choose a solution to propose. Furthermore, agents can play two different roles:
operator and expert. The main difference between an operator and an expert is
that the second one has more specific domain knowledge to solve certain types
of problems. Also, dependency relations between roles could imply that an agent
must change or violate its value preference order. For instance, an expert could
impose their values to an operator and the last could have to adopt a certain
preference order over values. The data-flow of the argumentation process of the
helpdesk application is explained in [13].

4.2 Evaluation

To validate the infrastructure, we make an evaluation of the prediction error of
our prototype. The domain-cases case-bases of each agent are populated ran-
domly by using some of the 48 cases of a case-base of real computer problems
reported to the call centre, increasing the number of cases from 5 to 45 cases
in each round. Each problem is described by a set of features (e.g. the type of
problem, the log of the system, etc.) and the description of the solution applied.
To diminish the influence of random noise, all results report the average of 48
simulation runs per round. In each round, an tester agent acts as initiator of
the process. This agent has access to the whole case-base and in each run takes
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the corresponding case to solve and sends it to the other agents. In this way,
the initiator knows which was the real solution applied to the problem and can
compare this value to the solution decided by the agreement process. To make
the evaluation the tests have been performed with the following decision policies:

– CBR-Random (CBR-R): which consists in choosing randomly a solution of
domain-cases case-base, without using argumentation.

– CBR-Majority (CBR-M): which consists in selecting the solution most fre-
quently proposed by the agents, again using the domain-cases case-base, and
also without any argumentation process.

– CBR-Argumentation (CBR-A): where agents are provided with the proposed
case-based argumentation functionalities and perform an argumentation di-
alogue to select the best solution of those proposed by the group.

In all decision policies, agents propose solutions using their own CBR. So, an
agent will be able to propose a solution if in its CBR there is a case that match
with the ticket to solve. In the performed tests, we use two different configura-
tions: a group of 7 operators; and a group of 6 operators and 1 expert. The main
difference between these two configurations is that in the second configuration, an
agent has been allowed to play the role of an expert, while the rest of agents play
the role of operators. An expert is an agent that has specific knowledge to solve
certain types (categories) of problems and has its case-base of domain-cases pop-
ulated with cases that solve them. Thus, the expert domain-cases case-base has
as much knowledge as possible about the solution of past problems of the same
type. That is, if the expert is configured to have 5 domain-cases in its domain-
cases case-base, and there are enough suitable information in the original tickets
case-base, these cases represent instances of the same type of problems. In the
case that the tickets case-base has less than 5 cases representing such category
of problems, 3 for instance, the remaining two cases solve problems of the same
category and so on.

In our case, the expert agent has an authorisation dependency relation over
other technicians. This dependency relation means that when an agent has com-
mitted itself to other agent for a certain service, a request from the latter leads
to an obligation when the conditions are met. Therefore, if the expert agent is
able to propose a solution for the ticket requested, it can generate arguments
that support its position and that will defeat other operators’ arguments, due
to its authorisation dependency relation over other technicians. However, in the
CBR-R and the CBR-M policies there is not argumentation dialogue, so this de-
pendency relation is not taken into account, but the proposals of the expert have
the same influence than other operators proposals in the final solution selected.

For the tests shown in Table 1, we evaluate the average error in the predic-
tion of the best solution to apply with regard to the size of the case-bases of
domain-cases of the agents. As we can expect, the prediction error of the system
decreases as the number of domain-cases grows. In addition, the prediction error
of the CBR-Argumentation policy is always lower or equal than the other poli-
cies. Argumentation allows agents to argue and hence, the solution with more
justification elements prevails. Thus, the best solution has more probability of
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Table 1. Prediction error

7 operators 6 operators and 1 expert
cases CBR-R CBR-M CBR-A CBR-R CBR-M CBR-A

5 47,92% 39,58% 37,50% 39,58% 39,58% 29,50%
10 25,00% 16,67% 14,58% 18,75% 18,75% 9,67%
15 12,50% 6,25% 2,08% 6,25% 6,25% 2,08%
20 6,38% 6,38% 2,13% 6,38% 2,13% 2,13%
25 4,17% 2,08% 0% 4,17% 0% 0%
30 4,17% 0% 0% 4,17% 0% 0%
35 4,17% 0% 0% 4,17% 0% 0%
40 2,08% 0% 0% 2,08% 0% 0%
45 4,17% 0% 0% 4,17% 0% 0%

being proposed and the error decreases. Furthermore, the general prediction er-
ror of the group with an expert is lower than in the other group without any
expert. The reason behind that improvement in the results is that the expert is
providing the best solution that it knows and imposing its opinion about which
is the best solution to apply and, since it has more specialized knowledge, the
quality of the final solution agreed increases.

5 Conclusions

In this work, we have implemented an infrastructure to develop and execute
argumentative agents in an open MAS based on the argumentation framework
described in Section 2. This infrastructure offers the necessary tools to develop
agents with argumentation capabilities, including the communication skills and
the argumentation protocol. Also, it offers support for agent societies and takes
into account the agents’ social context. The infrastructure combines the CBR
methodology, argumentation and MAS.

Furthermore, the proposed infrastructure has been validated with an example
in a customer support application. In the performed tests, the best results are
obtained using an argumentation policy that takes into account the social context
of agents. In addition, having at least an expert involved in the group of agents
that tries to solve a problem increases the quality of the final solution agreed.

As a future work, our infrastructure will be used in other domains to measure
the performance and the differences having a largest database of solved problems.
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Abstract. Most of the continuous processes (e.g. chemical processes) are moni-
tored and controlled in the classical way, i.e. entirely by the process operator 
based on the measurement data. However, in many cases, due to the nonlinear 
nature of some continuous processes, the use of this approach may not always 
be sufficiently efficient. In particular, it concerns a large class of biological 
processes (bioprocesses) for which more complex data analysis is required. 
Hence, this paper presents the possibility of application of a Multi Agent Sys-
tem (MAS) as a support for the process operator. The proposed solution being a 
combination of the classical approach and the MAS, called Hybrid Intelligent 
Operations and Measurements (HIOM), is tested based on the simulation runs 
of a mathematical model of the bioprocess. 

Keywords: Multi Agent System, Hybrid Intelligent Operations and Measure-
ments, agent-based process control, CSTB, self-sustained oscillations, biomass 
productivity. 

1 Introduction 

The present concept of agents, as independent and intelligent applications has been 
rapidly developed since the beginning of the 1990’s. According to the first authors [1-
3] agent applications were defined as applications operating both independently and 
collaboratively in a group to exchange information between each other and to attain a 
common goal. Currently, agent-based solutions can be effectively applied in modern 
industrial control systems [4-7] and the latest review paper in this area is [8]. Espe-
cially, it concerns the manufacturing systems, for which the agent applications pro-
vide a new way for more flexible control of such systems [4]. On the other hand, one 
can distinguish a large group of continuous processes [9] (e.g. chemical or sedimenta-
tion processes), for which PID or predictive controllers still provide the primary way 
to control the key process variables and are the main support for operating control 
(Fig.1a). In this case, the process operator monitors and supervises the course of the 
process based on the measurement data. He can also exert an influence on the process 
by changing the set point values for controllers or even by changing the control strat-
egy. This approach is most common in practice and is referred to as the classical  
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approach. However, for some continuous processes the use of the basic (classical) 
approach may not always be sufficiently efficient. In particular, it concerns a large 
class of biological processes (bioprocesses), which take place in continuous stirred 
tank bioreactors (CSTBs). 

 

 

Fig. 1. Two possible approaches for continuous processes: (a) classical approach (process oper-
ator is entirely responsible for operating control) and (b) MAS-based control 

Such CSTB systems allow for continuous culture of microorganisms, which increase 
their concentration (biomass concentration), and concentration of a secreted product, 
by consumption of available substrates. Due to the nonlinear dynamics of such 
processes, self-sustained oscillations (SSO) of microorganism concentration (biomass 
concentration) are often observed during laboratory experiments [10]. It means that 
the CSTB can operate in the range of SSO or in the range of steady states. However, 
in the case of improving bioreactor productivity, the choice of the mode of operation 
(induction or elimination of SSO) becomes an important factor to be taken into con-
sideration [11-13]. 

Hence, in the classical approach, the process operator must detect oscillations by 
himself and to determine if these oscillations result from non-linear dynamics of the 
process or other reasons (e.g. inaccuracy of control systems equipment [14]). Then, if 
the SSO are present, the process operator must calculate the average values of  
biomass concentration (or biomass productivity) and take appropriate decisions to 
maximize these values and to choose the desired mode of operation. The situation 
becomes more complicated, if there are more bioreactors to be monitored and con-
trolled. Hence, it seems interesting to apply a Multi Agent System (MAS) consisting 
of a sufficient number of agent applications performing simple actions and supporting 
the process operator [15]. The proposed combination of the classical approach and the 
MAS for the nonlinear biochemical process will be referred to as the Hybrid Intelli-
gent Operations and Measurements (HIOM) (Fig.1b). And as has been shown in lite-
rature (see e.g. [16-18]), a hybrid approach is usually more efficient. 

In this paper, based on the simulation runs of the mathematical model of the CSTB, 
the MAS as a support for the process operator has been presented. The MAS is con-
sisted of three independent and cooperating with each other agent applications (two 
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monitoring agents and one control agent). Of course, in the case of a greater number 
of CSTBs or when taking into consideration more parameters to be calculated, the 
MAS will be composed of a greater number of agent applications. 

In order to assign the tasks to individual agents, it is necessary to look a bit deeper 
into the process under consideration. Knowing the dynamical properties of the 
process, the choice of number of agents and the assignment of their functions will be 
an easier task. This, in turn, requires some more detailed discussion, which will be 
given in the next section. 

2 The Control of the Oscillatory Mode of Operation 

Further studies on the effects of the oscillatory behavior of bioprocesses revealed 
some advantages and disadvantages resulting from the mode of operation of the 
CSTB. It turns out that the operation in the range of SSO may lead to higher or lower 
average values of biomass concentration in comparison to the results obtained in 
steady-state regime [11]. Hence, the main task of the control agent is to choose a de-
sired mode of operation of the CSTB (operation in steady-state regime or in the range 
of SSO). This, in turn, requires to find an effective influence on the bioprocess, which 
will allow for induction or elimination of the SSO. 
 

 

Fig. 2. The general scheme of the well-mixed CSTB fed with the mixture of two different sub-
strates of similar properties. The second substrate is diluted with distilled water. 

Reviewing literature in this area, several different approaches can be distinguished 
and the most common methods are those based on the changes in: flow rates F of the 
medium, pH levels or dissolved oxygen concentration (by changing the agitation 
speed of the reactor content) [14], [19]. Because, the SSO of biomass concentration 
take place for some range of the flow rates F (or dilution rates D=F/V, V – volume of 
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the medium in the CSTB, V=const), hence, based on the results obtained in [13], it is 
applied a method involving a mixture of two different substrates of similar properties 
fed into the CSTB at the flow rate F. The scheme of the CSTB fed with the mixture of 
two substrates of concentrations Sin1 and Sin2, respectively, has been shown in Fig-
ure 2. The important components of the system are two three-port valves: 3WVr and 
3WVγ. The three-port valve 3WVγ is responsible for diluting the substrate of concen-
tration Sin2 by mixing it with distilled water. The desired level of dilution is obtained 
by setting an appropriate degree of valve opening, which is represented by the para-
meter γ∈ [0,1]. As a result, assuming a very small volume inside the valve (neglecting 
the valve’s dynamics), the output substrate concentration is γSin2. 

In turn, the valve 3WVr is responsible for setting an appropriate contribution of in-
dividual substrates to the mixture, which is represented by the parameter r∈ [0,1]. It 
means that the substrate of inlet concentration Sin1 is fed into the CSTB at the flow 
rate (1-r)F, and the diluted substrate of inlet concentration γSin2 – at the flow rate rF. 
In other words, the diluted substrate is fed into the CSTB at the expense of the origi-
nal substrate to minimize the cost of such an approach. 

 

 

Fig. 3. The average biomass productivity as a function of dilution rate D for two extreme cases, 
when r=0 or r=1. The black thick lines with diamond symbols show the range of SSO. The 
additional window presents an exemplary time course of the biomass productivity in the range 
of SSO. 

From the bioreactor productivity point of view, an important variable taken into 
account is the biomass productivity, which is equal to the mass of biomass produced 
per unit time, per unit volume of the medium in the CSTB [12]. Figure 3 presents an 
example of the dependency of the average biomass productivity on the dilution rate D 
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for two extreme cases, i.e. for r=0 (the CSTB is fed only with the substrate of concen-
tration Sin1) and for r=1 (the CSTB is fed only with the diluted substrate of concentra-
tion γSin2). It can be clearly seen that the range of the occurrence of oscillatory beha-
vior depends on both the dilution rate D and the inlet substrate concentration. Moreo-
ver, for dilution rates D higher than a critical value Dc, the washout phenomenon 
occurs, i.e. for D≥Dc, the whole bioreactor content is washout and the biomass con-
centration drops to zero. We further assume that the manipulated variables are the 
dilution rate D and the degree of the 3WVr valve opening (parameter r). The changes 
in dilution rate D will allow us to choose an operating point and the changes in r will 
allow us to choose a desired mode of operation of the CSTB. However, it is conve-
nient to consider a constant value of γ parameter (degree of the 3WVγ valve opening). 
The choice of the γ parameter will be described in the next section and will be based 
on the simulation runs of the mathematical model of the bioprocess. 

3 Mathematical Model 

For the CSTB, as shown in Figure 2, a well-known mathematical model with the spe-
cific growth rates described by the Monod relations [20] and with the weight coeffi-
cients proposed in [21] is as follows: 
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where: S1, S2 – are the outlet concentrations of substrates (the CSTB is well-mixed) 
[mg/L], Sin1, γSin2 – are the inlet concentrations for S1 and S2, respectively [mg/L], X 
– outlet biomass concentration [mg/L], D – dilution rate (D=F/V, F – flow rate, V – 
volume of the bioreactor medium and V=const) [1/h], μmi – maximum specific growth 
rate (i=1,2) [1/h], Ksi – half saturation constant (i=1,2) [mg/L], Yi=α+βSi – dimension-
less  variable yield coefficient (i=1,2 and α,β>0 – constant parameters). w1, w2 – di-
mensionless weight coefficients described by the following equations: 
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where: b – appropriately chosen constant parameter (in our case b=200), DC1, DC2 – 
critical values of dilutions rates for the first and second (diluted) substrate, respective-
ly, Dtrans – transition dilution rate. 

All the parameter values in equations (1)-(6) have been taken from [11] and [22], 
and the inlet concentrations of both substrates are Sin1=Sin2=100 [mg/L]. The mathe-
matical model described by equations (1)-(3) with the weight coefficients (4) assumes 
that for D<Dtrans both substrates of concentrations S1 and S2 are consumed for growth 
of microorganisms (biomass concentration). If D≥Dtrans, then the growth of microor-
ganisms results from the consumption of only one substrate – the substrate, which 
provides a faster growth of microorganisms. This phenomenon is known as the diaux-
ic growth and it is well-described in the literature [22]. Other typical phenomena, i.e. 
washout and SSO of biomass concentration, which are observed during laboratory 
experiments, are also taken into account by the model (1)-(6) and shown in Figure 3. 

3.1 The Choice of the γ-Parameter 

In order to have the possibility to choose a desired mode of operation by mixing two 
substrates of similar properties (e.g. two different sugars), it is necessary to find an 
appropriate value of γ (a degree of dilution of the second substrate). 
 

 

Fig. 4. Regions of steady states (white), SSO (light grey) and washout (dark grey) on parameter 
plane (D,r) when mixing two different substrates of similar properties for three different de-
grees of dilution of the second substrate 

Then, by setting an appropriate contribution of both substrates to the mixture (para-
meter r), it is possible to completely eliminate the oscillatory behavior for any value 
of D. The problem of choice of the γ-parameter explains Figure 4. The smaller the 
value of γ, the greater is the dilution of the second substrate of initial concentration 
Sin2, which is equivalent to the fact that the regions of SSO are getting smaller (Fig.4). 
This, in turn, allows for choosing a desired mode of operation of the CSTB. 
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Fig. 5. The structure of the proposed MAS showing dependencies between the agent applica-
tions and the process operator 

Taking into account the obtained results (Fig.4), for further calculations, we assume 
γ=0.35, which corresponds to the inlet concentration γSin2=35 [mg/L] for the diluted 
substrate. It should also be emphasized that the higher contribution of the diluted sub-
strate to the mixture, the lower are values of the biomass concentration X. However, in 
industrial applications, most of the CSTBs operate in the steady-state regime for small 
values of dilution rate D. Hence, by adding the diluted substrate to the bioreactor, we 
obtain the smaller values of biomass concentration X, but comparable values of the bio-
mass productivity DX, because D can be changed in a wide range. 

For the assumed mathematical model of the system, three agent applications have 
been proposed and their detailed description is given in the next section. 

4 The Description of the Agent Applications 

In the case of the occurrence of the SSO, the measurement of the biomass productivity 
on-line is not sufficient and some additional algorithms, for calculation of the average 
values, have to be applied. This, in turn, requires the prior detection of the oscillatory 
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behavior. Hence, in the presented solution, the application of two monitoring agents 
(Agent SSO and Agent DXmean) and one control agent (Agent r), which is responsible 
for the choice of a desired mode of operation, has been proposed. Moreover, it is as-
sumed that the agent applications can cooperate with each other and with the process 
operator. The proposed distribution of agents results from functions (monitoring and 
control) performed by them and provides a better transparency of the MAS for user 
(process operator). The diagram of the MAS has been shown in Figure 5. 

Agent SSO. 
The Agent SSO is one of the monitoring agents, which is responsible for detection of 
the SSO of biomass concentration. The operation of this application is based on the 
measurements of X(t) and the average values of biomass concentration XMA(t), which 
are provided by the second monitoring agent (Agent DXmean) and calculated on-line 
by means of the moving average (MA). Hence, the detection of the oscillatory beha-
vior is possible owing to the observation of a variable X*(t)=X(t)-XMA(t), which in 
the case of the occurrence of SSO, oscillates around zero. The information about the 
detection of the SSO is sent to the control agent (Agent r) and to the second monitor-
ing agent – Agent DXmean. This information can also be sent to the process operator, 
which has been presented in Figure 5. 

Agent DXmean. 
The second monitoring agent is responsible for the calculations of the average bio-
mass concentrations XMA(t) and the average biomass productivity DXMA(t) on-line by 
means of MA for a sufficiently long time window. Then, the calculated values of 
DXMA(t) and XMA(t) are sent to the Agent SSO and to the process operator. However, 
in the range of SSO the calculated values of DXMA(t) oscillate, as well. Hence, in 
order to attenuate these oscillations, it is necessary to lengthen the time window for 
calculating the MA, but this will cause a slower response of the agent application to 
the changes in amplitude and frequency of X(t). Furthermore, it would be necessary to 
know the lowest oscillation frequency of X(t) a-priori to assume an appropriate length 
of the time window. Therefore, after receiving information about the occurrence of 
the SSO, the Agent DXmean also calculates the average value of the biomass produc-
tivity (DXSSO(t)) as an average value for the period. The calculated values of DXSSO(t) 
are then sent to the process operator to evaluate the efficiency of the bioprocess. 

Agent r. 
The Agent r is the control agent, which is responsible for the choice of the most suita-
ble mode of operation of the CSTB, i.e. for attenuation of the SSO of biomass con-
centration. Depending on the requirements, the Agent r is either active and eliminates 
oscillations or is blocked by the process operator and the CSTB can operate in the 
rage of the SSO. The damping of oscillations is possible by increasing the contribu-
tion of the diluted substrate to the mixture – the parameter r∈ [0,1] is increased by Δr 
every Δt interval. If the contribution of the diluted substrate is too high (too large 
value of r), then the process operator can change it manually. 
 



 The Application of Multi-Agent System in Monitoring and Control 33 

 

The described agent applications perform their functions individually and decisions 
taken by them can be realized instantaneously without interference of the process 
operator. Based on the simulation runs of the mathematical model, the effectiveness 
of the MAS will be presented in the next section. It should also be emphasized that it 
is not easy to make a detailed comparison between the classical and agent-based solu-
tions. Monitoring and analysis of the oscillatory behavior, but also its consequences 
on the bioreactor productivity, are not typical tasks performed by the classical control-
lers. In such case, the process operator is entirely responsible for analysis of the oscil-
latory behavior. Hence, the support provided by the proposed agent-based solution 
will be beneficial when making difficult decisions (e.g. determining the most suitable 
mode of operation for the CSTB). 

5 Results 

Because, the differential equations (1)-(3) are non-stiff, they are solved by the second-
order Runge-Kutta method (RK2) with an integration step h=Dt/NIS, where Dt is an 
observation step and NIS is a number of integration steps in Dt interval [23]. It means 
that the equations (1)-(6) are numerically integrated with the step h<<Dt, and the 
calculated variables (e.g. biomass concentration X) are “sampled” every observation 
step Dt. All the obtained results refer to the case where the operation of the CSTB in 
the range of SSO is forbidden. Hence, the main task of the Agent r is elimination of 
the oscillatory behavior by increasing the amount of the diluted substrate in the mix-
ture (an increase of r). 

Figure 6 presents the contour line plot of the biomass productivity DX as a func-
tion of the dilution rate D and the parameter r. Hence, three different regions can be 
distinguished: the region of SSO (light-grey), the region of washout, DX=0 (dark-
grey) and the region of steady states for DX>0 (white). The black broken line presents 
the changes in the dilution rate D made by the process operator and the changes in r 
made by the Agent r. For example, the change in dilution rate D from 0.22  
to 0.55 [1/h] for r=0.65, triggers the SSO of biomass concentration instantaneously. 
Once the oscillations are detected by the Agent SSO, the Agent r starts increasing 
contribution of the diluted substrate to the mixture (an increase of r). As a result,  
the operating point of the bioprocess is moved to the region of steady states  
(Fig.6), while, at the same time, the higher values of biomass productivity DX are 
obtained. 

From Figure 7 it can be clearly seen that the Agent DXmean calculates the average 
values DXSSO(t) only in the time intervals, in which the oscillatory behavior is de-
tected by the Agent SSO. In the same time intervals, the Agent r increases the value 
of r by Δr until when the oscillations are no longer detected by the Agent SSO. It 
should also be emphasized that, the proposed MAS is not a model-dependent solution 
and will work properly for other mathematical models of bioprocesses having similar 
dynamical properties. 
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Fig. 6. The response of the Agent r (which is responsible for elimination of the SSO) on 
changes in the dilution rate D (black broken line) on the parameter plane (D,r). The isolines 
present the average values of biomass productivity. 

 

 

Fig. 7. The operation of the all agent applications in steady-state regime and in the range of 
SSO of biomass concentration. The light-grey region indicates the range of SSO detected by the 
Agent SSO. The ordinate axis for r(t) overlaps with ordinate axis for DX(t). 
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6 Concluding Remarks 

Despite the high prevalence of agent applications in the manufacturing industry, this 
work presents the possibility of application of the hybrid system (HIOM) being a 
combination of the classical approach and the MAS for the continuous industrial 
process. Based on the example of a bioprocess, the MAS supports the process opera-
tor (e.g., when making decisions regarding the choice of operating regime for the 
CSTB). Using the mathematical model of the bioprocess, the operation of the MAS 
consisted of two monitoring agents and one control agent has been presented. When-
ever the SSO took place, the Agent SSO detected these oscillations and the Agent 
DXmean could calculate the average values of biomass productivity as an average 
value for the period. In turn, the control agent (Agent r) could eliminate these oscilla-
tions by exerting an effective influence on the bioprocess, i.e. by mixing two different 
substrates of similar properties. Then, the average values of the biomass productivity 
and the possibility of control of the oscillatory behavior allow for the choice of most 
suitable operating conditions for the CSTB. Of course, the presented solution does not 
have to be limited to the three agent applications and it can be easily extended for 
systems composed of a greater number of CSTBs or when taking into account other 
aspects of the process, e.g. its productivity. Since the function DX(D) is characterized 
by a maximum (Fig.3), therefore there exist an optimal value of dilution rate D max-
imizing the biomass productivity DX. Hence, it is possible to introduce some extra 
agent applications, as a support for the process operator, which will be responsible for 
seeking the extremum of DX. 

However, future work requires further investigation in order to test the effective-
ness of the proposed system on a real industrial or a laboratory pilot plant. For in-
stance, the system can be useful in laboratory experiments, where a few agent applica-
tions perform simple actions to support the analysis of the measurement data. 
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Abstract. Currently there are many intelligent agent models in dif-
ferent design methodologies, from simple models of embedded agents
to powerful and complex models for virtual organizations. However, al-
though many of these agent models provide a number of components to
solve different types of problems, few of them provides abstractions or
concepts that allow to consider how to deal with dynamic environments
at the design level, (an environment that changes itself in terms of re-
sources available, global behavioural rules, etc.) In this work, we propose
two abstractions that provide the developer with a new way of modeling
reactive agent capabilities in dynamic environments. The first abstrac-
tion focuses on how to process the environmental stimuli as events, and
the second abstraction specifies how to launch tasks in response to events,
an approach that is based on event-condition-action rules.

Keywords: Capability Taxonomy, Agent Model, Model-Driven.

1 Introduction

The design of systems to solve problems in dynamic environments is a complex
task. This is most evident when addressing real problems where the dynamic
nature of the environment makes solutions that are appropriate at a given time
and inappropriate for another instant in time. These systems must deal with
an environment that changes itself in terms of its available resources, global
behavioural rules, norms. The environment includes multiple actors and artifacts
which may enter or leave frequently of the scene unexpectedly.

An example of such systems are Pervasive Systems or systems in Ambient
Intelligence (AmI). Pervasive Systems is a paradigm with multiples scenarios,
actors, devices and different state environments; where it is difficult to find a
compact view of all components. The requirements of this kind of systems are
very different[11]. Software engineering based on Multi-Agent Systems (MAS),
has the capability to fulfill these requirements[5,8]. This approach supports the
integration of highly heterogeneous components, where agents work together
to support complex actions, in a collaborative and dynamic way[9,1], where
the agent cognitive capabilities or intelligent capabilities (pro-activity, planning,
inference, sociality) are used by solved the dynamic nature of the environment[8].
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However, most of the agents design methodologies do not include concepts or
abstractions that deal with aspects of dynamic environments. In these method-
ologies, the environment usually is an abstraction where agents are located and
interact with it. Our proposed offers tools to encapsulate the cognitive capa-
bilities of the agent to face a changing environment, providing the developer
(at design time) with abstractions to model interactions with dynamic environ-
ments. We propose to extend the generic agent-π[2] by adding a tasks and events
models in order to increase the expressiveness of the model.

The first abstraction allows the agent to know how to process repetitive stim-
uli coming from the environment (how to handle events that cause changes in the
environment). The taxonomy allows that the agent identify all the events, and
the order in which events will be processed. The second abstraction allows the
agent to decide how to launch actions or tasks in response to changes in the en-
vironment (in an event-condition-action model). With this proposal we want to
provide the developer abstractions in order to have specialized agent responsive-
ness in dynamic environments. Model-Driven Development (MDD)[13] approach
is used by developed these abstractions[12], so our agent model have an abstrac-
tion high level. The high-level abstractions provided are platform-independent,
and the corresponding rules to transform them into the concepts related with
different execution platforms (platform dependent) are provided.

The rest of the document is structured as follows. Section 2 describes the
Agent Model to be extended with our proposal. Section 3 explains the different
Task and Event taxonomies. These taxonomies generate the new Agent Capa-
bility model that is presented in section 4. Finally, the conclusions of this work
are presented in section 5.

2 Agent-π: An Agent Model

MDD approach is based in the definition of a set of meta-models and the transla-
tions among them[13]. One fundamental challenge in the meta-model definition
is to select which concepts or components will be included in order to model the
system. To achieve this objective, some of the most well-known approaches in the
area of MAS were studied: TROPOS[6], GAIA [15], OperA[10], INGENIAS[14]
and AML[7]. The purpose of this analysis was to extract the common features
from the methodologies studied and adapt them to the current proposal, spec-
ifying a generic platform-independent meta-model. This set of meta-models is
called πVOM (Platform-Independent Virtual Organization Model)[5].

This set of meta-models is created by the detection of common concepts in
an iterative cycle consisting of a bottom-up analysis. Common elements in ex-
isting MAS methodologies, have been identified and incorporated to Platform
Independent Model (PIM). After that, it is possible to transform PIM models
into Platform Specific Models (PSM). The main views/models of πVOM are the
Structure, Functionality, Normative, Agent, and its Environment.

The Agent Model it is shown in Figure 1 and it provides an abstract view
of its main components, concepts and the existing relationships. This model is
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Fig. 1. Concepts used in the agent-π model

called agent-π (agent Platform-Independent). Furthermore, an automatic trans-
formation rules have been obtained according to the MDD process. These rules
allow the transform of the agent-π meta-model into specific models for different
agent platforms, such as JADE-Leap and Andromeda agent platforms (PSMs).
The complete process has been applied the design of Pervasive Systems [3,4].

The Agent model is a set of interrelated components, each of which serves a
specific function for the agent definition. The main components are: Behaviours,
Capabilities, and Tasks. The highest-level entity to be considered is the agent.
The organizations, group rules, or behaviour norms (other πVOM models) are
not taken into account in this paper, due to space limitations.

Tasks represent the know-how of the Agent and they are the components
where actions are implemented. Capabilities represent the different situations of
the agent and control where Tasks are applied. Capabilities follow a pattern of
event-condition-action. Behaviours are roles that group these capabilities.

The main reason for splitting the whole problem-solving method is to provide
an abstraction that organizes the problem-solving knowledge in a modular and
gradual way. The Task concept is the concept that incorporates the needed know-
how that allows the agent to try to solve a problem. This concept is encapsulated
in the meta-model in a Capability, which is an event-oriented component to
express the circumstances under which a Task must be launched to execution.

A set of Capabilities can be encapsulated into a Behaviour that models the
response of the agent to different situations. An agent state defines a situation
(which is represented by the current Beliefs and Goals) that activates a Be-
haviour or allows it to go on being activated. Table 1 summarizes the main
components and concepts employed in the Agent model.

3 Extending Task and Event Models

As stated above, we propose two abstractions that allows modeling a highly dy-
namic environments. These abstractions are implemented on the agent-π model
(on the Task and Event meta-models), allowing that the agent-π architecture
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Table 1. The main concepts used in the Agent model

agent-π concepts Description
Agent The agent is a rational and autonomous entity. The entity that

usually is represented in MAS methodology.
Behaviour It encapsulates a set of capabilities activated in specific circum-

stances; it represents the abstract concept of role.
Capability It represents an event-driven approach to solve a specific problem.

Task The know-how related to a specific problem.
Event It is employed to activate capabilities inside the agent. Occurrence

of something that changes the environment and/or agents.
BeliefContainer An abstraction employed to represent the agent knowledge.

Goal A specification of a state that the agents are trying to achieve.
Condition A specification of a set of constraints.
MsgQueue A specification of a collection of different messages.
Message A mechanism employed for intercommunication among agents.

Environment It is the way to model the external world

to be extended. This new architecture is focused on proposing a novel way to
model the agent reaction capability. This new agent-π provides of a set of differ-
ent skills (capabilities). This set of skills give the developer the ability to decide
how to try to resolve a specific problem.

3.1 Task Taxonomy

A fundamental component of the agent model is the Task. Tasks are the elements
that contain the code associated to the agent’s Capabilities. A Task in execution
belongs to only one Capability, and it may be seen as the agent’s answer to a
problem. However, it is the designer who must determine whether that problem
must be solved only once or it must be solved as many times as it occurs. In
accordance with to the way different instances can be activated, Tasks can be
classified into the following types:

1. Multiples: Different instances of the same Task can be activated. For in-
stance, if a Task has to answer a specific message by means of an ACK, the
designer can decide that this answer be done in parallel to different mes-
sages. Thus, the designer would define the task in charge of answering these
messages as multiple.

2. Exclusive: There exists only one instance of the Task at the same time.This
kind of Task can be divided into two sub-kinds according to the way new
activations of instances are dealt with when the event and the suitable con-
dition are given:

(a) Non-interrupting: The first instance is continued until it finishes, thus
delaying the possible execution of new instances of the same Task.

(b) Interrupting: The new instance eliminates the old one. For instance, if
the capacity is to calculate a solution to a problem and the generation
of a new instance indicates that the data being used in the old instance
calculation are outdated, then the calculation that is being done is no
longer useful.
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Fig. 2. New abstractions for tasks and events in the agent-π model

3.2 Event Taxonomy

An Event is any notification that received by the agent informing it that some-
thing that may be of interest has happened in the environment or inside the
agent. This may cause the activation of a new Capability.

In a way similar to Tasks, one possible classification of events comes up when
the subject is the management of new instances of the same event:

1. Multiple: There can be different instances of the same event in the queue,
and all of them have to be managed.

2. Exclusive: There exists only one event instance waiting to be attended to.
Depending on the way new event instances will be managed, events of this
kind can be classified into two sub-types:

(a) Non-interrupting: The new event instance is eliminated, only the first
instance is generated.

(b) Interrupting: The new event instance eliminates the old one, only the
last generated event instance.

Now, events may be generated according to different subjects, such as: (i) Changes
in beliefs: These changes may be a new belief or the update or deletion of an
existing belief. (ii) Changes in goals: An event may be related to the creation
of a new goal or to the update or deletion of an existing goal. (iii) New ACL
message arrival. (iv) Changes in the resources.

Finally, our proposal extends the agent-π architecture. These changes allow
the agent to better address changing environments. This is achieved through
new abstractions: agent tasks and events, which are summarized in Figure 2.

4 Capability Taxonomy

We can now analyze in detail the different types of capabilities (resulting from
the combination of different types of events and tasks) that are available to the
developer to solve different problems. However, before describing the Capability
Taxonomy, we will use an example to illustrate this taxonomy.

The example consists of a Multi-Agent System that manages and controls
the processes of The Smart Transport System. The Smart Transport System is
an application that facilitates the interconnection between passengers (citizens,
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Fig. 3. (a) Summary structure of the Smart Transport System

tourists), Bus Stops and transport vehicles (Bus, Subways, Trains, Trams); de-
limiting services that each one can request or offer. The system controls which
services must be provided by each agent. The system proposed provides wireless
data services, which allow mobile devices (by example PDAs), cellular phones
to communicate with different elements of the system that provide services.

The intelligent agent installed in the embedded device allows the providers to
mutually discover each other. This interaction is illustrated (physical viewpoint)
in Figure 3(a). The system can provide various types of services to facilitate and
improve the quality of the public transport system. The Smart Transport System
offers mobile services (by passengers and vehicles), for example:

– The passengers can receive/request information for possible tourist routes,
personalized news services, transport ETA(Estimate Time Arrival), shorter
routes to the destination, etc.

– The basic services of the Bus Stop Agent could be: (i) Display Informa-
tion; (ii) Route Search; (iii) Transport Notification and ETA; and (iv) POI’S
(Point Of Interest). The Display Information adjusts the information in the
stop screens according to user profiles. Passengers can also download their
favorite news sources to the mobile terminal (depending of their user profile).

To analyze the different features provided by our proposal, we assume that
an agent Ai has various Tasks, Capabilities, and Behaviours and we define the
following:

1. Let C = {C1, C2, . . . , CI} be the set of all the agent capabilities, such that
the i-nth capability is Ci ∈ C|i = {1, . . . , I} ∧ I ∈ N.

2. Let E be the set of all the events that handle the agent. These events are
grouped into queues E = {E1, E2, . . . , EK}, where EK is the event queue of
the capability Ck, such that EK ∈ E|K = {1, . . . , I} ∧ I ∈ N.

3. Let EK [t] = {ek[t0], . . . , ek[tn]} be an event queue at the instant of time t,
containing a series of events ek[ti] produced in the time interval [t0, tn], such
that ek[ti] ∈ EK |(0 ≤ i ≤ n) ∧ (tn ≤ ti) ∧ (tn > t0 > 0)

4. Let T = {T1, T2, . . . , TJ} be the set of all the agent tasks, such that Tj ∈
T |j = {1, . . . , I} ∧ I ∈ N.

5. Let T [t] be the set of agent active tasks at the instant t (with T [t] ∈ T ).
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6. Let Tk[t] be an instance of the k-nth task that is launched at the instant t
by the capability Ck in response at the event ek[t] of the queue EK [t] (with
Tk[t] ∈ T [t] ∈ T ).

Finally, as stated above, our agent model is a process of Event-Condition-
Action (definition 6), that is managed by the Capabilities. However, this process
Event-Condition-Action can be interpreted as a functional relationship, i.e., a
Capability can be interpreted as a function y = Ck(x) (a function that activates
or initiates tasks). A function that takes the event ek[t] as input (argument x),
and produces the task Tk[t] (value y) as output. Thus, an active task force is
launched as Tk[t] = Ck(ek[t]), if the trigger condition is correct. Summarizing,
by interpreting Capability as a function, this can be described as:

Tk[t] = Ck(ek[t]) =

{
∅ if event condition = false
Tk if event condition = true

With these definitions, it is possible to analyze different combinations of the
proposed abstractions that allow the developer to solve different problems in
dynamic environments. The implementation of this proposal assumes that the
agent life cycle is determined by a set of events with a frequency fe, which are
stored in its queue. These events are processed by the agent with a frequency or
rate given by the scheduler (fs) and a task is subsequently launched in response
to this event (which has a duration τ). To appreciate the usefulness of this
proposal assumes that fe � fs � 1/τ , i.e., the speed with which the events
arrived is very high (additional tasks may be atomic or may not). Therefore,
the above description of the events and tasks taxonomy generates nine types of
Capabilities that we described in the following subsections.

4.1 mmCapability: Multiple Events and Multiple Tasks

In this case, there is an event queue at the instant t, such that EK [t] =
{ek[t0], . . . , ek[tn]} (with tn > t0), and take the first event in the queue (which
is pending) ek[t] = first(EK [t]) = ek[t0], which is verified by the capability Ck

to activate the task Tk[t] = Ck(ek[t0]) for its launch. The task and event queues
(in the agent) can be described as:

EK [t+ 1] = EK [t]− first(EK [t])

T [t+ 1] = T [t] ∪ {Tk[t]}

This scenario assumes that the agent reacts to all of the stimuli in the envi-
ronment and, therefore, has all the events in memory (queued). In response to
this monitoring the agent reacts by launching as many tasks as events processed.
An illustration of this scenario implies that the agent has a complete monitoring
of the environment and responds to all the dynamics or changes. In our example,
the Smart Transport System, this capability allows the traffic status service (of
the Central Agency) to be modelled. Each transport unit may request the traffic
state and the information must be sent to each transport unit.
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4.2 imCapability: Interrupting Events and Multiple Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[tn]} that
maintains only one significant event -the last one-. However, we can assume that
there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and to model interrupting events, it only needs to process the
last event (and only one event) ek[t] = last(EK [t]) = ek[tn], and then proceed
to empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck activate the task
Tk[t] = Ck(ek[tn]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− last(EK [t])⇒ EK [t+ 1] = ∅
T [t+ 1] = T [t] ∪ {Tk[t]}

In this scenario, the agent has good reactivity, and launch new tasks at rel-
evant events. However, it has limited monitoring capability (the last event is
considers as relevant). In our example, the Smart Transport System, this capa-
bility allows the Breaking News service (of the Central Agency) to be modelled.
This service sends the most relevant news of the transport system and the city
to the user.

4.3 nmCapability: Non-interrupting Events and Multiple Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[t0]} that
maintains only one significant event -the first one-. However, we can assume that
there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and to model non-interrupting events, it must only take the first
event (and only one event) ek[t] = first(EK [t]) = ek[t0], and then proceed to
empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck to activate the task
Tk[t] = Ck(ek[t0]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− first(EK [t])⇒ EK [t+ 1] = ∅
T [t+ 1] = T [t] ∪ {Tk[t]}

In this scenario, the agent has good reactivity and launch new tasks in re-
sponse to relevant events. However, it has limited monitoring capability (the
first event is considers as relevant). In our example, the Smart Transport Sys-
tem, this capability allows the Checking service in Bus Stop or Transport Unit
to be modelled. This service checks the user presence in the Transport Unit or
Bus stop and only processes the first request for all the users in the domain.

4.4 miCapability: Multiple Events and Interrupting Tasks

In this case, there is an event queue at the instant t, such that
EK [t] = {ek[t0], . . . , ek[tn]} (with tn > t0), and take the first event in the queue
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(which is pending) ek[t] = first(EK [t]) = ek[t0], which is verified by the capabil-
ity Ck to activate the task Tk[t] = Ck(ek[t0]) for its launch. The task and event
queues can be described as:

EK [t+ 1] = EK [t]− first(EK [t])

T [t+ 1] =

{
(T [t]− {Tk}) ∪ {Tk[t]} if T [t] ∩ {Tk[t]} 
= ∅

T [t] ∪ {Tk[t]} otherwise

This scenario assumes that the agent monitors all of the events, but in response
keeps only one task (of a specific type) running. This scenario is quite reactive,
but it is costly since the agent must safely stop when the task is interrupted. In
our example, the Smart Transport System, this capability allows the temperature
service in Bus unit to be modelled. The service adjusts the temperature of the
air conditioner at every stop, looking for the average temperature from the user
profiles.

4.5 iiCapability: Interrupting Events and Interrupting Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[tn]} that
maintains only one significant event -the last one-. However, we can assume that
there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and to modeling interrupting events, it must only process the
last event (and only one event) ek[t] = last(EK [t]) = ek[tn] and then proceed
to empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck to activate the task
Tk[t] = Ck(ek[tn]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− last(EK [t])⇒ EK [t+ 1] = ∅

T [t+ 1] =

{
(T [t]− {Tk}) ∪ {Tk[t]} if T [t] ∩ {Tk[t]} 
= ∅

T [t] ∪ {Tk[t]} otherwise

In this scenario, the agent has good reactivity, although it has limited memory
capability (of events), only store one event (the last one). The new event arrival,
stops the task for this type of event, and launches a new task. A new task
that best matches or adjusts the new event received. In our example, the Smart
Transport System, this capability allows the POI’S service to be modelled. This
is a service that informs the user of the points of interest (e.g. tourist sites,
restaurants) near each stop or station. This service tells to the mobile device the
direction to follow (path) to reach the point of interest using the last events sent
by the bus stop.

4.6 niCapability: Non-interrupting Events and Interrupting Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[t0]} that
maintains only one significant event -the first one-. However, we can assume that
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there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and, to model non-interrupting events, it must only process the
first event (and only one event) ek[t] = first(EK [t]) = ek[t0] and then proceed
to empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck to activate the task
Tk[t] = Ck(ek[t0]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− first(EK [t])⇒ EK [t+ 1] = ∅

T [t+ 1] =

{
(T [t]− {Tk}) ∪ {Tk[t]} if T [t] ∩ {Tk[t]} 
= ∅

T [t] ∪ {Tk[t]} otherwise

In this scenario, the agent has good reactivity, although it has limited memory
capability (the first event is relevant). This capability allows to stop the previous
task (that no longer responds to the event), and launched a new task.

4.7 mnCapability: Multiple Events and Non-interrupting Tasks

In this case, there is an event queue at the instant t, such that
EK [t] = {ek[t0], . . . , ek[tn]} (with tn > t0), and take the first event in the queue
(which is pending) ek[t] = first(EK [t]) = ek[t0], which is verified by the capabil-
ity Ck to activate the task Tk[t] = Ck(ek[t0]) for its launch. The task and event
queues can be described as:

EK [t+ 1] = EK [t]− first(EK [t])

T [t+ 1] = T [t] ∪
{

∅ if T [t] ∩ {Tk[t]} 
= ∅
{Tk[t]} otherwise

In this scenario, the agent has limited resources, there is only one task running
(of a specific task type) and the agent needs to complete monitoring capability.
Therefore, it has all the events stored in the queue. In our example, the Smart
Transport System, this capability allows the ETA service at the bus stops to be
modelled. The transport units to send a event of location to bus stop, and bus
stop shows on their screens the ETA information of each unit (as a queue of
transport units).

4.8 inCapability: Interrupting Events and Non-interrupting Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[tn]} that
maintains only one significant event -the last one-. However, we can assume that
there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and to modeling interrupting events, it must only process the
last event (and only one event) ek[t] = last(EK [t]) = ek[tn] and then proceed
to empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck to activate the task
Tk[t] = Ck(ek[tn]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− last(EK [t])⇒ EK [t+ 1] = ∅

T [t+ 1] = T [t] ∪
{

∅ if T [t] ∩ {Tk[t]} 
= ∅
{Tk[t]} otherwise
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In this scenario, the agent has limited resources there is only one task run-
ning (of a specific task type), and also a limited monitoring capability (the last
event is considers as relevant). In our example, the Smart Transport System, this
capability allows the Location Service in Transport Unit to be modelled. This
service shows the location in the route map on the unit screen (this Capability
is computationally expensive and only uses the latest data of the beacon).

4.9 nnCapability: Non-interrupting Events and Non-interrupting
Tasks

In this case, it is assumed that there is an event queue EK [t] = {ek[t0]} that
maintains only one significant event -the first one-. However, we can assume that
there is a real event queue at the instant t, such as EK [t] = {ek[t0], . . . , ek[tn]}
(with tn > t0), and to modeling non-interrupting events, it must only process the
first event (and only one event) ek[t] = first(EK [t]) = ek[t0] and then proceed
to empty the queue of events that remain or are stored EK [t] = ∅. Thus, once
the relevant event is received, it is verified by capacity Ck to activate the task
Tk[t] = Ck(ek[t0]) for its launch. The task and event queues can be described as:

EK [t+ 1] = EK [t]− first(EK [t])⇒ EK [t+ 1] = ∅

T [t+ 1] = T [t] ∪
{

∅ if T [t] ∩ {Tk[t]} 
= ∅
{Tk[t]} otherwise

In this scenario, the agent has limited resources there is only one task running
(of a specific task type), and also a limited monitoring capability (the last event
is considers as relevant). In our example, the Smart Transport System, this capa-
bility allows the Route Search service in Bus Stop to be modelled. This service
calculates a transportation route for the user since the stop is the starting point
to a destination, indicating the possible transfer that the user needs.

5 Conclusions

This work presents a Capability Taxonomy that provides the developer with a
new way of modeling agent reactive capabilities in dynamic environments.

Thus, with this Capability Taxonomy, the changes in the environment can not
only be solved using the cognitive abilities of the agent, but also using the two
abstractions (events and tasks) that provide agents with different capabilities
of reaction. The agent knows how to process repetitive stimuli coming from
the environment and can decide how to launch actions to the environment in
response to changes in the environment (in an event-condition-action model).
This process was illustrated with Smart Transport System managed by a MAS.

Future work in this research area will focus on developing explicit support
for Context-Awareness specification, using ontologies to describe the contextual
information, allowing that new knowledge of the environment can to be inferred.
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Abstract. The web has become the largest repository of multimedia in-
formation and its convergence with telecommunications is now bringing
the benefits of web technology and hybrid artificial intelligence systems
to hand-held devices. However, maximizing accessibility is not always
the main objective in the design of web applications, specially if it is
concerned with facilitating access for disabled people. This way, natu-
ral spoken conversation and multimodal conversational agents have been
proposed as a solution to facilitate a more natural interaction with these
kind of devices. In this paper, we describe a proposal to provide spoken
access to Internet information that is valid not only to generate basic
applications (e.g., web search engines), but also to develop dialog-based
speech interfaces that facilitate a user-adapted access that enhances web
services. We describe our proposal and detail several applications devel-
oped to provide evidences about the benefits of introducing speech to
make the enormous web content accessible to all mobile phone users.

Keywords: Conversational Agents, Multimodality, Internet Modeling,
VoiceXML, XHTML+Voice, Speech Interaction, Neural Networks.

1 Introduction

Continuous advances in the development of information technologies and the
miniaturization of devices have made it possible to access information, web ser-
vices, and artificial intelligence systems from anywhere, at anytime and almost
instantaneously through wireless connections [2]. Although devices such as PDAs
and smartphones are widely used today to access the web, contents are usually
accessible only through web browsers, which are operated by means of traditional
graphical user interfaces (GUIs). The reduced size of the screen and keyboards
makes the use of these devices very difficult and also avoids the use of these appli-
cations by motor-handicapped and visually impaired users. The major drawback
of the existing web infrastructure is that, the present web content was originally
designed for traditional desktop browsers. This way, although mobile phones are
designed to provide anytime and anywhere access to users, the challenge that is
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presented to the present Internet world is to make the enormous web content ac-
cessible to all mobile phone users and by means of a more natural communication
with the user.

Multimodal interfaces go a step beyond GUIs by adding the possibility to
communicate with these devices through other interaction modes such as speech.
Multimodal conversational agents [8,7] can be defined as computer programs de-
signed to emulate communication capabilities of a human being including several
communication modalities. The use of these agents provides three main benefits.
Firstly, they facilitate a more natural human-computer interaction, as it is car-
ried out by means of a conversation in natural language. Secondly, multimodal
interfaces make possible the use of these applications in environments in which
the use of GUI interfaces is not effective, for example, in-car environments. Fi-
nally, these systems provides the objective of facilitating the access to the web
for people with visual or motor disabilities, allowing their integration and the
elimination of barriers to Internet access [1].

Most of multimodal conversational agents to access web contents and services
applications are currently developed using the VoiceXML language1, given that
it has been defined as the World Wide Web Consortium (W3C) standard to
access Internet contents by means of speech. VoiceXML audio dialogs feature
synthesized speech, digitized audio, recognition of spoken and DTMF key in-
put (Dual-tone multi-frequency signaling), recording of spoken input, telephony,
and mixed initiative conversations. The standard also enables the integration of
voice services with data services using the client-server paradigm. Therefore, the
VoiceXML standard facilitates the access to the net in new devices and envi-
ronments by providing all these functionalities in combination with well-defined
semantics (thus making XML documents universally accessible).

However, this programming language only allows the definition of a dialog
strategy based on scripted Finite State Machines. This way, VoiceXML systems
usually emphasize on the search of web documents in specific tasks and not on
the interaction with the user. With the aim of creating dynamic and adapted
dialogs, as an alternative of the previously described rule-based approaches, the
application of soft computing models and statistical approaches to dialog man-
agement makes it possible to consider a wider space of dialog strategies [11,5].
The main reason is that these models can be trained from real dialogs, modeling
the variability in user behaviors.

In this paper we describe a proposal to model the web as an speech-based
service by means of the combination of the VoiceXML standard and statistical
methodologies for dialog management. This makes possible to generate not only
general-purpose applications (e.g., speech-based access to web search engines
or extended use applications like the Wikipedia), but also to develop enhanced
speech-based interfaces that provide personalized access to web services in which
dialog is required to iteratively exchange information and achieve the objectives
(e.g., ask the user about different information items in order to provide them
specific information related to travel planning, hotel booking, etc).

1 http://www.w3.org/TR/voicexml20/
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For the former applications we propose the use of the XHTML+Voice lan-
guage2 in combination with a specific strategy to dynamically create the differ-
ent grammars in the application. This language combines the visual modality
offered by the XHTML language and the functionalities offered by the VoiceXML
language for the interaction by means of speech. For the latter applications we
propose the use of a statistical dialog management methodology in combination
with a user simulation technique. This combination makes possible to automat-
ically learn a statistical dialog model to select systems responses adapted to
each user and also include grammars which facilitate the interaction in natural
language.

We have applied our proposal to develop several conversational agents which
interact with different web-based applications, providing a sophisticated inter-
face which merges voice with traditional GUIs. All these applications are easily
interoperable so that they are very useful to evaluate the potential of voice inter-
action in general and specific domains, through a variety of resources and with
different users. This way, one of the main objectives of our work is to adequately
convey to users the logical structure and semantics of content in web documents.

The remainder of the paper is as follows. Section 2 describes our proposal to
include speech to facilitate the information and services on the Internet. Sec-
tion 3 describes the application of our proposal to develop several multimodal
conversational agents. This section also summarizes the results of a preliminary
evaluation of these agents. Finally, Section 4 provides some conclusions and fu-
ture research work.

2 Our Proposal to Provide a Speech-Based Access to the
Web

HTML is the language popularly used for marking up information on the web
so that it can be displayed using commercially available browsers. However, the
eXtensible Markup Language (XML) was developed as a solution to correct the
limitation of the use of information that is available on the web by marking-
up information in the web pages and also allowing developers to define their
own tags with well-defined meanings that others can understand. The use of an
XML-based language significantly improves the portability and interoperability
of the programmable parts (including data and programs) of the service. One
of the main objectives of XML and ontology-based languages is to adequately
convey to users the logical structure and semantics of content in web documents.

Several proposals have been developed to translate HTML pages to speech
[3]. These systems captured the text present in the web page and employed
speech synthesis technologies to speak this information to the user, also intro-
ducing different sounds and tones to visually impaired can make-out the struc-
ture of the document. However, these systems capture only specific parts of
the HTML code and fails to address the interactive features provided by the

2 http://www.w3.org/TR/xhtml+voice/
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HTML pages. Although additional proposals have been developed to translate
from HTML or XML web pages to VoiceXML [10,4], they require a previous
preprocessing of the code by means of the user or they only handle a subset of
HTML tags. In addition, the XML language by definition and the extended use
of Cascading Style Sheets (CSS) to describe the presentation semantics make
a general definition of these translators almost impossible. For these reasons,
we propose a specific translation from HTML pages to XHTML+Voice only to
develop general-purpose multimodal applications (Section 2.1) and the use of
a user-adapted statistical dialog management methodology to develop dialog-
based applications which are focused on interactive dialog with users (Section
2.2). A number of currently extended speech-based applications with a general
purpose (like the API proposal from google) are based on additional languages
and technologies mainly focused on the development of general-purpose systems.

2.1 Developing General-Purpose Web Applications

As stated in the introduction, our proposal to generate speech-based interfaces
for general-purpose web applications is based on the use of the XHTML+Voice
language, thus combining speech access with visual interaction. Figure 1 shows
the translation between a HTML document and its equivalent XHTML+Voice
file. As it can be observed, the development of oral interfaces implemented by
means of XHTML+Voice implies the definition of grammars, which delimit the
speech communication with the system. The <grammar> element is used to
provide a speech or DTMF grammar that specifies a set of utterances that a
user may speak to perform an action or supply information, and for a matching
utterance, returns a corresponding semantic interpretation.

We have defined a specific strategy to cover the widest range of search crite-
ria by means of the definition of speech recognition grammars in the different
applications. This strategy is based on different aspects such as the dynamic gen-
eration of the grammars built from the results generated by the interaction with
a specific application (e.g., to include the results of the search of a topic using a
speech-based search engine), the definition of grammars that includes complete
sentences to support the naturalness of the interaction with the system (e.g., to
facilitate a more natural communication and cover more functionalities), and the
use of the ICAO phonetic alphabet3 in the cases in which spelling of the words
is required in order not to restrict the contents of the search or in situations in
which repetitive recognition errors are detected (e.g., in order not to delimit the
topics to search using a search engine).

2.2 From General-Purpose to More Natural Mixed-Initiative
Dialogs

When designing dialog-based conversational agents, developers need to specify
the actions a system should take in response to user speech input and the state

3 International Civil Aviation Organization (ICAO) phonetic alphabet:
http://www.icao.int/icao/en/trivia/alphabet.htm
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% HTML document
<html>
<head>
<title>VoiceApp-Voice Browser</title>
</head>
<body>

<li>LINK 1:
<a href="http://www.beatles.com/">
<b>The Beatles</b> Find out all about
The Beatles...</li>

...

<li> LINK 10:
<a href="http://www.rarebeatles.com/">
<b>Songs, Pictures, and Stories of
The Beatles</b>
Beatles website for collectors
and fans ...</li>

</body>
</html>

% XHTML+Voice file
<?xml version="1.0" encoding="ISO-8859-1"?>
<html xmlns="http://www.w3.org/1999/xhtml"
xmlns:vxml="http://www.w3.org/2001/vxml"
xmlns:ev="http://www.w3.org/2001/xml-events"
xmlns:xv="http://www.voicexml.org/2002/xhtml+voice">

<head>
<title>VoiceApp - Voice Browser</title>
<vxml:form id="nav">

<vxml:block>
To visit the links, you have to say
"LINK" and thecorresponding number.
</vxml:block>
<vxml:field xv:id="app" name="app">

<vxml:grammar src="inig.jsgf"/>
<vxml:nomatch>

<vxml:prompt>
Please repeat again, I can not understand you.
</vxml:prompt>

</vxml:nomatch>
</vxml:field>
<vxml:filled mode="all">

<vxml:prompt> Ok got them. </vxml:prompt>
<vxml:elseif cond="app == ’home’"/>

<assign name="window.location" expr="index"/>
<vxml:elseif cond="app == ’link 1’"/>

<assign name="window.location" expr="x1x"/>
...
<vxml:elseif cond="app == ’link 10’"/>

<assign name="window.location" expr="x10x"/>
</vxml:if>

</vxml:filled>
</vxml:form>

<script src="java.js" type="text/javascript"></script>
</head>

<body id="docBody" ev:event="load" ev:handler="#nav">
<div id="cont" ev:event="click" ev:handler="#nav">
<h1>Results for: The Beatles</h1>

<li>LINK 1:<a href="http://www.beatles.com/">
<b>The Beatles</b> Find out all about
The Beatles...</li>

...

<li> LINK 10: <a href="http://www.rarebeatles.com/">
<b>Songs, Pictures, and Stories of The Beatles</b>
Beatles website for collectors and fans ...</li>

</body></html>

Fig. 1. Translation of a HTML document into an equivalent XHTML+Voice file

of the environment based on observed or inferred events, states, and beliefs. In
addition, the conversational agent requires a dialog strategy that defines the
conversational behavior of the system. Thus, a great effort is employed to em-
pirically design dialog strategies, as the design of a good strategy is far from
trivial since there is no clear definition of what constitutes a good strategy [11].
Additionally, speech recognition grammars for conversational agents have been
usually build on the basis of handcrafted rules which are tested recursively,
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which in complex applications constitutes a costly process [8]. As an alternative
of the previously described rule-based approaches, the application of statistical
approaches to dialog management makes it possible to consider a wider space of
dialog strategies. The main reason is that statistical models can be trained from
real dialogs, modeling the variability in user behaviors [11,5].

We propose to merge statistical approaches with VoiceXML in order to ben-
efit from the flexibility of statistical dialog management and the facilities that
VoiceXML offers. Our technique employs a statistical dialog manager that takes
into account the history of the dialog until the current moment in order to decide
the next system prompt, whereas the system prompts and the grammars which
indicate the possible user responses to them are implemented in VoiceXML [5].
This technique is based on the definition of a data structure that we call Dialog
Register (DR), and contains the information provided by the user throughout
the previous history of the dialog. For each time i, the selection of the next
system prompt Ai is carried out by means of the following maximization:

Âi = argmax
Ai∈A

P (Ai|DRi−1, Si−1)

where set A contains all the possible system answers and Si−1 is the state of the
dialog sequence (system-turn, user-turn) at time i.

Each user turn supplies the system with information about the task; that is,
he/she asks for a specific concept and/or provides specific values for certain at-
tributes. However, a user turn could also provide other kinds of information, such
as task-independent information. This is the case of turns corresponding to Affir-
mation,Negation andNot-Understooddialog acts.This kind of information implies
some decisions which are different from simply updating theDRi−1. For that rea-
son, for the selection of the best system answer Ai, we take into account the DR
that results from turn 1 to turn i−1, and we explicitly consider the last state Si−1.

The selection of the system answer is then carried out through a classification
process, for which a soft-computing methodology based on multilayer percep-
trons (MLP) is proposed. The input layer receives the codification of the pair
(DRi−1, Si−1). The output generated by the MLP can be seen as the probability
of selecting each of the different system answers defined for a specific task.

A corpus of dialogs for the specific task is required to learn the dialog model.
Our approach for automatically acquiring a dialog corpus is based on the in-
teraction of a user agent simulator and a conversational agent simulator [6]. In
our dialog simulation technique, both agents use a random selection of one of
the possible responses defined for the semantics of the task (expressed in terms
of user and system dialog acts). At the beginning of the simulation, the set of
system responses is defined as equiprobable. When a successful dialog is simu-
lated, the probabilities of the answers selected by the the conversational agent
simulator during that dialog are incremented before beginning a new simulation.

Errors and confidence scores are simulated by a specific module in the sim-
ulator using a model for introducing errors based on the method presented in
[9]. The generation of confidence scores is carried out separately from the model
employed for error generation. This model is represented as a communication
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channel by means of a generative probabilistic model P (c, au|ãu), where au is
the true incoming user dialog act ãu is the recognized hypothesis, and c is the
confidence score associated with this hypothesis. The probability P (ãu|au) is
obtained by Maximum-Likelihood using the initial labeled corpus acquired with
real users and considers the recognized sequence of words wu and the actual
sequence uttered by the user w̃u.

P (ãu|au) =
∑
w̃u

P (au|w̃u)
∑
wu

P (w̃u|wu)P (wu|au)

Confidence score generation is carried out by approximating P (c|ãu, au) as-
suming that there are two distributions for c.

P (c|aw, ãu) =
{

Pcorr(c) if ãu = au
Pincorr(c) if ãu 
= au

3 Practical Applications

To test our proposal, we have developed several applications corresponding to
both general-purpose speech interfaces and dialog-based interactive conversa-
tional agents. In order to provide web-content using speech, an interactive voice
response (IVR) platform is required. We have selected the Prophecy IVR Plat-
form4. This IVR can interpret the VoiceXML language and act like a client
to the web-servers. This way, it can translate an incoming request to a URL,
fetch the document, interpret it and return the output to a mobile client. The
Prophecy Media Resource Control Protocol (MRCP) media server has been used
for prompting, recording, automatic speech recognition, text-to-speech genera-
tion, and conferencing functionalities.

3.1 General-Purpose Applications

Regarding general-purpose applications we have developed Voice Dictionary and
Voice Browser. Both applications consists of a set of X+V documents. Some of
them are stored from the beginning in the server of the application, while others
are dynamically generated using PHP and JavaScript. This dynamic genera-
tion takes into account the information extracted from different web servers and
MySQL databases in the system, and a set of users preferences and charac-
teristics (e.g., sex, preferred language for the interaction, number of previous
interactions with the system, and preferred application).

The Voice Browser application has been developed with the main objective of
allowing speech access to both the search and presentation of the results in the
interaction with the Google search engine. The application interface receives the
contents provided by the user and displays the results both visually and using
synthesized speech. This application also allows the multimodal selection of any
of the links included in the result of the search by numbering them and allowing

4 http://www.voxeo.com/products/voicexml-ivr-platform.jsp
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using their titles as voice commands. Detailed instructions, help messages and
menus have been also incorporated to facilitate the interaction.

The Voice Dictionary application offers a single environment where users can
search contents in the Wikipedia encyclopedia with the main feature that the
access to the application and the results provided by the search are entirely
facilitated to the user either through visual modalities or by means of speech.
Once the result of an initial search is displayed on the screen and communicated
to the user by means of speech, they can easily access any of the links included
in the result of the search or visit the rest of applications in the system with the
possibility of interrupting the system’s speech in any case. This functionality is
achieved by means of the dynamic generation of the corresponding grammars,
in which the different links that are present in the result of a specific search
are included in the dynamic XHTML+Voice page automatically generated by
means of a PHP script that captures the different information sources to inform
the user about them (headings, text, contents, formulas, links, etc.).

A number of tests and verifications have been carried out to maximize the
functionalities and accessibility of these two applications. These tests have been
very important to detect and correct programming errors and accessibility prob-
lems. In addition, we have completed a preliminary assessment by means of a
questionnaire to measure users subjective opinion about the system. The ques-
tionnaire contained five questions: i) Q1: Did the system correctly understand
you during the interaction? ; ii) Q2: Did you understand correctly the messages
of the system? ; iii) Q3: Was it simple to obtain the requested information? /
Was it simple to play the game? ; iv) Q4: Do you think that the interaction rate
was adequate?, v) Q5: Was it easy to correct mistakes made by the system? ; vi)
Q6: In general terms, are you satisfied with the performance of the system? The
possible answers to the complete set questions were the same: Never, Rarely,
Sometimes Usually and Always. A numerical value between one and five was
assigned for each answer (in the same order as they are shown in the question-
naire). Table 1 shows the average, maximum and minimum values obtained from
the results provided by a total of 35 students and professors of our University
using the different modules of the system without predefined scenarios.

The results of the preliminary evaluation of both applications show that the
users who participated in the assessment positively evaluate the facility of obtain-
ing the requested information by interacting with the system, the appropriate
interaction rate during the dialog, and overall operation of the different applica-
tions in the system. The main problems mentioned by the users include the need

Table 1. Results of the preliminary evaluation of the Voice Dictionary and Voice
Search Engine applications (1=minimal value, 5=maximum value)

Q1 Q2 Q3 Q4 Q5 Q6

Average value 3.6 3.8 3.2 3.7 3.2 4.3

Maximum value 4 5 5 4 4 5

Minimal value 2 3 2 3 2 3
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of improving the word error rate and achieve a better clarification of the action
expected by the system at each moment of interaction. In addition, the 97% of
the interactions finished achieving the objective(s) expected by the user, only
the 4% of the systems turns corresponded to reprompts and the 12% to system
confirmations. The error correction rate (computer as the average number of
corrected errors per dialog divided by the number of corrected and uncorrected
errors) was 91%.

3.2 Web Applications Based on Interactive Dialog

To test our proposal with a conversational agent focused on an interactive dialog
with users, we have used the definitions taken to develop the EDECAN dialog
system, which was developed in a previous study to provide information about
train services, schedules and fares in Spanish [5]. The developed conversational
agent generates a total of 51 different prompts.

A total of 100,000 dialogs was simulated using our user simulation technique
and a set of scenarios covering the different queries for the system [6]. Then, the
acquired dialogs were employed to automatically generate VoiceXML code for
each system prompt and the grammar needed to correctly recognize the possible
user responses. The 51 different system prompts have been automatically gen-
erated in VoiceXML using the proposed technique. For example, Figure 2 shows
the VXML document to prompt the user for the origin city and the obtained
grammar for ASR.

The DR defined for the system is a sequence of 15 fields, corresponding to
the five possible queries that users can carry out to the system (Hour, Price,
Train-Type, Trip-Time, Services) and the ten attributes that they can pro-
vide to complete these queries (Origin, Destination, Departure-Date, Arrival-
Date, Departure-Hour, Arrival-Hour, Class, Train-Type, Order-Number, Ser-
vices). This way, every dialog begins with a dialog register in which every value
is equal to 0 and the greeting turn of the system, as it is showed following.
. . . . . . . . .
S1: Welcome to the railway information system. How can I help you?

A1: (Opening :Nil :Nil)

DR0: 00000-1000001000

. . . . . . . . .
Each time the user provides information, this is used to update the previous

DR and to obtain the new one. For instance, given a user turn providing the
origin city, the destination city and the date, the new dialog register could be as
follows.
. . . . . . . . .
U1: I want to know timetables from Valencia to Madrid.

Task Dependent Information: (Hour) [0.7] Origin:Valencia [0.2] Destination:Madrid

[0.9]

Task Independent Information: None

DR1: 10000-2100000000

. . . . . . . . .
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<?xml version="1.0" encoding="UTF-8"?>
<vxml xmlns="http://www.w3.org/2001/vxml"

xmlns:xsi="http://www.w3.org/2001/
XMLSchema-instance"
xsi:schemaLocation="www.w3.org/2001/vxml
http://www.w3.org/TR/voicexml20/vxml.xsd"
version="2.0" application="trains.vxml">

<form id="origin_form">
<field name="origin">

<grammar type="application/srgs+xml"
src="/grammars/origin.grxml"/>

<prompt>Tell me the origin city.</prompt>
<filled>

<return namelist="origin"/>
</filled>

</field>
</form>

</vxml>

#JSGF V1.0;
grammar origin;
public <origin> = [<desire>]
[<travel> <city> {this.destination=$city}]
[<proceed> <city> {this.origin=$city}];
<desire> = I want [to know] | I would like
[to know] | I would like | I want | I need
| I have to;
<travel> = go to | travel to | to go to
| to travel to;
<city> = Murcia | Vigo | Sevilla | Huelva |
Cuenca | Lugo | Granada | Salamanca |
Valencia | Alicante | Albacete | Barcelona
| Madrid;
<proceed> = from | going from | go from;

Fig. 2. VoiceXML document to require the origin city (left) and grammar to capture
the associated value (right)

In this case, the confidence score assigned to the attribute Origin (showed
between brackets in the previous example) is very low. Then, a “2” value is
added in the corresponding position of the DR1. The concept (Hour) and the
attribute Destination are recognized with a high confidence score, adding a “1”
value in the corresponding positions of the DR1. Then, the input of the MLP is
generated usingDR1, the codification of the labeling of the last system turn (A1),
and the task-independent information provided in the last user turn (none in this
case). The output selected for the MLP would consist in the case of requiring
the departure date. This process is repeated to predict the next system response
afterwards each user turn.

A total of 25 dialogs was recorded from interactions of six students and pro-
fessors of our University employing the conversational agent developed for the
task following our proposal. We considered the following measures for the eval-
uation: i) Dialog success rate (%success). This is the percentage of successfully
completed tasks; ii) Average number of turns per dialog (nT ); iii) Confirmation
rate (%confirm). It was computed as the ratio between the number of explicit
confirmations turns (nCT) and the number of turns in the dialog (nCT/nT);
iv) Average number of corrected errors per dialog (nCE ). This is the average of
errors detected and corrected by the dialog manager; v) Average number of un-
corrected errors per dialog (nNCE ). This is the average of errors not corrected
by the dialog manager; vi) Error correction rate (%ECR). The percentage of
corrected errors, computed as nCE/ (nCE + nNCE).

The results presented in Table 2 show that the developed conversational can
interact correctly with the users in most cases, achieving a success rate of 94%.
The dialog success depends on whether the system provides the correct data
for every objective defined in the scenario. The analysis of the main problems
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Table 2. Results of the evaluation of the railway information conversational agent

%success nT %confirm %ECR nCE nNCE

Conversational Agent 94% 10.6 37% 93% 0.89 0.06

detected in the acquired dialogs shows that, in some cases, the system did not
detect that the user wanted to finish the dialog given that the the system was
developed following a mixed dialog initiative, which allow users to control the
dialog flow without requiring the use of submit commands. A second problem was
related to the introduction of data in the DR with a high confidence value due
to errors generated by the automatic speech recognizer that were not detected
by the dialog manager. However, the evaluation confirms a good operation of
the approach since the information is correctly given to the user in the majority
of cases, as it is also shown in the value of the error correction rate.

4 Conclusions

In this paper, we have described a technique for providing speech access to
Internet by means of conversational agents. Our proposal works on the benefits
of statistical methods for dialog management and XHTML+Voice. The former
provide an efficient means to exploring a wider range of dialog strategies, whereas
the latter makes it possible to benefit from the advantages of using the different
tools and platforms that are already available to simplify system development.

Two applications have been developed to study the XHTML+Voice to develop
multimodal conversational agents that improve the accessibility to information
on the Internet. These conversational agents respectively facilitate the multi-
modal access for the search of contents in the Wikipedia encyclopedia, and the
complete implementation of a speech-based interface to an Internet search en-
gine. We have also applied our technique to develop a conversational agent that
provides railway information, which integrates our statistical dialog management
technique for creating automatically VoiceXML documents to prompt the user
for data, as well as the necessary grammars for ASR. This conversational agent
has been enhanced by means of a user simulation technique in order to facilitate
the automatic learning of the dialog model and the provision of system responses
that are adapted to the specific evolution of the dialog.

The results of the subjective and objective evaluations of these agents show an
appropriate interaction rate during the dialog and overall operation of the differ-
ent applications in the system, thus providing a solution to both general-purpose
speech-based interfaces to access web contents and user-adapted conversational
agents oriented to slot-filling dialog tasks. Current research lines include the
adaptation of the systems for its interaction using additional languages, more
complex domains, and also considering information about users’ preferences.
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Abstract. Audio signal classification consists of extracting some de-
scriptive features from a sound and use them as input in a classifier.
Then, the classifier will assign a different label to any different sound
class. The classification of the features can be performed in a super-
vised or unsupervised way. However, unsupervised classification usually
supposes a challenge against supervised classification as it has to be
performed without any a priori knowledge. In this paper, unsupervised
classification of audio signals is accomplished by using a Probabilistic
Self-Organizing Map (PSOM) with probabilistic labeling. The hybrid un-
supervised classifier presented in this work can achieve higher detection
rates than the reached by the unsupervised traditional SOM. Moreover,
real audio recordings from clarinet music are used to show the perfor-
mance of our proposal.

Keywords: Self-Organizing maps, SOM labeling, PSOM, audio
classification.

1 Introduction

Audio signal classification is a research topic which has been developed in dif-
ferent areas over the time. For instance, speech recognition is one of the classic
problems addressed by a large number of authors [1,2,3]. Thus, many efficient
algorithms have been developed for this purpose [5,6]. Other area in the au-
dio signal classification consist on music signals processing for recognition or
retrieval, which includes musical instrument classification, music genre recogni-
tion, source identification or speaker recognition. Sound source separation (seg-
mentation) as well as speaker recognition can be performed through blind source
separation techniques such as Independent Component Analysis (ICA) [7]. On
the other hand, signal classification can be performed in a supervised or un-
supervised way. Unsupervised classification organizes the training samples into
groups according to their classes without using any a priori information. In other
words, the samples to be classified are not labeled. On the other hand, super-
vised classification uses a priori information of at least some of the samples. It
means that the training samples have labels according to their corresponding
classes. This way, techniques which use neural networks has been developed for
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unsupervised and supervised classification [22,23]. However, the current trend in
artificial intelligence systems is to develop hybrid systems trying to take advan-
tage of several techniques at the same time[11,13,17,18,19,20,21]. In this work we
propose an unsupervised hybrid classifier based on SOM and Gaussian Mixture
Models (GMM) which aims to improve the classification performance achieved
by classical SOM through a probabilistic model of the SOM units activation.
This scheme aims to define the clusters on the SOM layer assigning a label [11]
to unlabeled units. The GMM model built over the SOM maximizes the a pos-
teriori probability when labeling an unlabeled unit. The scheme presented on
this work is similar to [11] but it has been improved using bayesian inference
to determine the label. The rest of the paper is organized as follows. Section 2
shows an introduction to the Probabilistic Self-Organizing Maps (PSOM) and
its mathematical basis. Section 3 describes how the GMM is built over the SOM
and the way it is used to determine the probability of a unit activation. Section
4 shows the probabilistic labeling method used on this work, based on the GMM
model and Bayesian inference. Section 5 presents describes the audio signals
used on this work as well as the preprocessing performed. Section 6 shows the
experimental results and finally, Section 7 concludes this paper.

2 Probabilistic Self-Organizing Maps (PSOM)

SOM [12] is one of the most used artificial neural network models for unsuper-
vised learning. The main purpose of SOM is to group the similar data instances
close in into a two or three dimensional lattice (output map). On the other
hand, different data instances will be apart in the output map. SOM consist of
a number or neurons also called units which are arranged following a previously
determined lattice. During the training phase, the distance between an input
vector and the weights associated to the units on the output map are calcu-
lated. Usually, the Euclidean distance is used as shown in Equation 1. Then,
the unit closer to the input vector is referred as winning unit and the associated
weight is updated. Moreover, the weights of the units in the neighbour of the
winning unit are also updated as in Equation 2. The neighbour function defines
the shape of the neighbourhood and usually, a Gaussian function which shrinks
in each iteration is used as shown in Equation 3. This deals with a competitive
process in which the winning neuron on each iteration is called Best Matching
Unit (BMU). At map convergence, the weights of the map units will not change
significantly with iterations.

Uω(t) = argmini‖x(t)− ωi(t)‖ (1)

ωi(t+ 1) = ωi(t) + αi(t)hUi(t)
(
x(t) − ωi(t)

)
(2)

hUi(t) = e
−‖rU−ri‖

2σ(t)2 (3)
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Fig. 1. Architecture of the SOM

In Equation 3, ri represents the position on the output space (2D or 3D)
and ‖rU − ri‖ is the distance between the winning unit and the unit i on the
output space. On the other hand, σ(t) controls the reduction of the Gaussian
neighborhood on each iteration. σ(t) Usually takes the form of exponential decay
function as in Equation 4.

σ(t) = σ0e

(
−t
τ1

)
(4)

In the same way, the learning factor α(t) in Equation 2, also diminishes in
time. However, α may decay in a linear or exponential fashion.

Unsupervised SOM are frequently used for classification. Nevertheless, it does
not use class information in the training process. As a result, the performance
with high-dimensional input data highly depends on the specific features and
the calculation of the clusters borders may be not optimally defined. Therefore,
we used a supervised version of the SOM, by adding an output layer composed
by four neurons (one per class). This architecture is shown in Fig. 1. In this
structure, each weight vector ωij on the SOM is connected to each neuron on
the output layer yk.

After all the input vectors have been presented to the SOM layer, some of
the units remain unlabeled. The number of unlabeled units usually depends on
the map’s size. Thus, the bigger the map, the greater the number of units which
remain unlabeled after the training phase. A variant of the SOM consist on
measuring the response of the map units instead of calculating the BMU as the
unit which is closest to the input data. This deals with a probabilistic view of
the output layer. In order to provide this probabilistic behaviour to the SOM, a
GMM model is built over the output layer [12]. Thus, the BMU is determined
not only computing the minimum distance from an input vector but also taking
into account the likelihood of an unit to be the BMU. This way,the responses of
the units surrounding the BMU can be taken into account. In our experiments,
the prior probability of each map unit i is computed in a similar way than in
[13], as shown in equation 5

p(i) =
#X̃i

#X̃
(5)
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where #X̃ is the total number of input vectors and #X̃i is the number of
vectors whose closest prototype is ωi is the number of sample vectors as defined
on equation 6.

X̃i = {x ∈ V / ‖x−mi‖ ≤ ‖x−mk‖ k = 1, ...N} (6)

Thus, #X̃i can be defined as the set of data samples whose first BMU is the
unit i (Voronoi set of unit i).

The GMM is built according to the equation 7 where the weights pi for
each gaussian component corresponds to the prior probabilities computed in
equation 5.

P (x1...xn) =
∑
N

piPi(x1..xn) (7)

in 7, each individual gaussian component Pi corresponds to the n− dimensional
weights associated to each unit (prototype vectors) [13,14]. The mean of each
individual gaussian component (kernel center) is the weight vector of the cor-
responding unit itself, while the covariance matrix for the component i is given
by the dispersion of the data samples around the prototype i. Once the GMM
model has been built, the response of the unit i can be computed as the posterior
probability by using the Bayes theorem.

p(ωk|xi) =
p(xi|ωk)P (ωk)

p(xi)
(8)

In equation 8, p(ωk|xi) represents the probability that a sample vector xi

belongs to class ωk, while p(xi|ωk) is the probability density function of the pro-
totype ωk computed from the GMM and p(xi) is a normalization constant. This
way, this posterior probability can be used to classify new samples. Nevertheless,
in this work the posterior probabilities has been used to relabel the units which
remain unlabeled during the SOM training process.

3 SOM Labeling Method

As commented in Section 2, the response of the SOM units computed from
the posterior probabilities are used to label those units which remain unlabeled
during the training process. This way, when a new sample is presented to the
SOM, the BMU with the maximum a posteriori probability is selected. However,
this BMU could be unlabeled if the map is big enough.

L = L{argmaxi{p(ωi|x) ∀i ∈ BN}} (9)

In that case, the label of this unit is computed taking into account the response of
the units in the neighborhood of the BMU. Hence, the label assigned to the BMU
will be the label of the unit in the neighborhood which provides the stronger
response at the unlabeled BMU as shown in equation 9.



Unsupervised Classification of Audio Signals by Self-Organizing Maps 65

4 Feature Extraction for Clarinet Music Classification

The classification method described in Sections 2 and 3 has been tested using
audio signals from clarinet music. The goal of this work is to detect four different
playing techniques from clarinet music. For this purpose, it is necessary to ex-
tract some features from the audio signals which will compose the feature space.
These vectors are the data samples used as inputs to the SOM. Regarding the
features extracted from the audio signal, we use features which characterize the
signal in both, time and frequency domains. The features used in this work are
similar than the features proposed in [16] where their discriminant capabilities
are shown.

4.1 Time Domain Characterization

In this Section we describe the features used to characterize the audio signal in
time domain. The duration and the shape of the envelope of the clarinet audio
signals contain information about the technique used to play the notes. This
way, the envelope model proposed in [15]. Thus, as in [15,16], the attack time
(Ta) is considered from the first sample that reaches a 10% until it reaches the
90% of the amplitude. The release time (Tr) is considered from the last sample
that reaches 70% of the amplitude to the last one over the 10% of the amplitude.
On the other hand, the time between the attack time and the release time is the
sustain time (Ts). Ta, Tr and Ts depend on the playing technique. The signal
envelope is obtained by filtering the signal with a 5th order Butterworth filter
and a cut-off frequency of 66 Hz. Then after filtering the signal, it is normalized
so that the amplitude is 1. On the other hand the samples with amplitude under
2.5% of the maximum are removed. Moreover, we add another time domain
Tf feature based on the presence of signal fading (i.e.: if the signal envelope is
fading, Tf = 1, otherwise Ts = 0).

4.2 Frequency Domain Characterization

In order to characterize the clarinet in the frequency domain, we use the Fast
Fourier Trasnsform (FFT). This way, the frequency axis is converted into MIDI
numbers according to the equation 10.

The features described above are normalized in order to avoid one feature
to have more influence than other during the training process due to different
scaling among features.

MIDI = 69 + 12 log2(f/440) (10)

Taking into account that the frequency range of the clarinet is 146.83 Hz to
1975 Hz, the MIDI range of interest is 50 to 94. However, it is necessary to remove
redundant information from the FFT, simplifying the signal spectrum. Thus, for
a certain MIDI number nMIDI the spectrum between nMIDI and nMIDI + 0.5
is considered and the maximum spectrum value of that interval is assigned to
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nMIDI . This way, the MIDI number spectrum (or MIDI simplified spectrum) of
each note will have 45 samples. From this simplified spectrum, the pitch and the
spectrum width around the pitch will be calculated.

At this point we have three time domain features (Ta, Tr, Ts and Tf ) and two
frequency domain features, Fp and Tw. Thus, the feature space is composed by
six-dimensional vectors in the form (Ta, Tr, Ts, Tf , Fp, Tw). These six features
are be discriminant enough to characterize the playing technique [15,16].

5 Experimental Results

This section presents the experimental results obtained when trying to classify
audio signals from clarinet music. The dataset used in this work comes from a
database containing 1433 real clarinet music recordings, playing different notes
with different playing techniques. We use 6 features as described in [16] where
the use of these time and frequency domain features is shown to be discriminant
enough to classify notes and playing techniques. These playing techniques we
classify with our classification approach are:

1. Normal. This corresponds to the normal playing technique. It is noted as
NO.

2. Staccato. In this technique, the duration of the note is reduced to a half,
that is, the main characteristic of a note played in staccato will be its short
duration. It is noted as ST.

3. Vibrato. Vibrato stands for a slight fluctuation of the amplitude and the
pitch notes. It is noted as VI.

4. Trill. Trill is a quavering or vibratory sound, specially a rapid alternation of
sung or played noted. It is noted as TL.
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Fig. 3. SOM labeling with (a) SOM and (b) SOM+GMM Bayesian labeling

In the experiments performed, we used the 15% of the available data samples
for training the SOM and for initial labeling. The 15% of the data samples
for training the SOM are taken randomly from the data manifold. Then, the
simulations have been repeated 50 times each in order to show the average
classification rates. The initial labeling is performed through a mayority voting
scheme. This labels the units taking into account the hits on the neighboorhod of
the BMU. Thus, the label assigned to the BMU corresponds to the most frequent
label of the units with more hits in the neighborhood. In order to show the
responses of the SOM by using the GMM model, Figure 2 presents an example
of the activation of the neighbour units of the BMU. In this figure, the black
unit represents the BMU, while different gray levels show the activation level of
the neighbour units. Thus, the darker the gray level, the higher the activation
level of each unit, according to the scale on the right side of the figure. This
activation level is the a posteriori probability of the unit to be activated with
an input data sample.

The SOM size has been determined by experimentation. This way we used a
11x6 map size (66 map units) since it presented the best performance with the
classical SOM.

Regarding the labeling process, Figure 3 shows the improvement provided by
our bayesian labeling method. Figure 3a shows the labeling of the SOM units
when they are labeled using amayority voting scheme. On the other hand, Figure
3b shows the labels assigned to the SOM units when they are labeled using our
method described on Section 3. As can be seen on this figure, our method assigns
labels to the unlabeled units left when the majority voting scheme is used.

Figure 4 shows the classification results provided by the SOM classifier (black
bar) and by the hybrid SOM+GMM classifier with bayesian labeling (hollow
bar). As shown in Figure 4, our hybrid classifier outperforms the SOM classifier
providing an average gain of 5% in relation to the SOM method. It is important
to note that the number of VI samples we have in our database for training and
testing is considerably less than the number of samples available for the other
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Fig. 4. Classification success for each playing style

playing styles. Hence, the classification performance for VI samples is lower than
the performance obtained for NO, ST and TL playing styles.

The results obtained by the k-means labeling have been also included in figure
4, indicated as SOM+KMEANS. In this method, the k-means algorithm is used
to cluster the trained SOM. Thus, all the units which remain unlabeled after
the training process are labeled using the k-means clustering. This procedure
is included to show the improvement that SOM+GMM clustering introduces in
relation to another labeling methods.

6 Conclusions

In this paper we presented an unsupervised classification method based on a
probabilistic version of the Self-Organizing Map which allow to measure the
responses of each unit. Thus, opposite the classical SOM implementation, the
activation level for each map unit is measured when a new data sample arrives.
Moreover, we make the map more flexible leaving some unit unlabeled during the
training process. Then, these unlabeled units are relabeled by bayesian inference
taking into account the labels of the units on the BMU neighborhood. Although,
there are other types of SOMs which grow according to the input space, the aim
of our work is to provide a system trained in an unsupervised way, which is
able to classify input data instances using the GMM model built over the SOM.
This deals with a faster way to classify new inputs since new training is not
necessary.There are other types of SOMs which grow according to the input
space. However, the aim of our work is to provide a system trained once in
an unsupervised way, which is able to classify input data instances using the
GMM model built over the SOM. This deals with a faster way to classify new
inputs since new training is not necessary. The presented approach has been
tested for classifying audio signals from clarinet music. This way, four different
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playing styles can be recognized with a detection rate above 80% in all the
styles. Moreover, the results obtained with our approach has been compared
to the results obtained by the classical supervised and unsupervised versions of
the SOM. The experimental results show that our approach provides a higher
detection rate than the unsupervised version of the SOM. As future work, we
plan to develop an improved labeling mechanism which dynamically applies the
bayesian labeling method described on this paper not only to the unlabeled units
but also to the labeled units.
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Abstract. In this paper, we propose a new approach to robust speaker 
identification using KPCA (kernel principal component analysis). This 
approach uses ensembles of classifiers (speaker identifiers) to reduce KPCA 
computation. KPCA enhances the features for each classifier. To reduce the 
processing time and memory requirements, we select a subset of limited 
number of samples randomly which is used as estimation set for each KPCA 
basis. The experimental result shows that the proposed approach shows better 
accuracy than PCA and GKPCA (greedy KPCA). 

Keywords: classifier ensemble, greedy kernel PCA, speaker identification. 

1 Introduction 

The accuracy of the speech and speaker recognition systems can be degraded 
according to the environmental condition including the channel, noise, etc. Various 
feature enhancement methods which transform conventional speaker features (such as 
MFCCs) are used in order to alleviate the problem. 

PCA (principal component analysis) [1] is one of the feature enhancement methods 
which are widely used, but it cannot represent nonlinearly distributed data properly. 
KPCA (kernel PCA) [2][3] can handle nonlinearly distributed data. But the 
computational complexity and memory requirement are increased proportionally to 
the square of the number of samples which are used to estimate the KPCA basis. 
Therefore, we cannot apply KPCA to speaker identification directly because a large 
number of features can be extracted from a short utterance. 

GKPCA (greedy KPCA) [4] can reduce the computational complexity and memory 
requirement by using greedy filtering. Greedy filtering selects a subset of the whole 
feature vectors with minimal representation error. However, in general, the number of 
subset feature vectors is very smaller than the number of whole features. Therefore, 
accuracy improvement of GKPCA is limited. We try to overcome this limitation by 
applying the concept of classifier ensemble. 

In [5], a hybrid system for robust speaker identification in adverse environments is 
proposed. It combines two kinds of classifiers which are trained by different feature-
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sets. One is based on popular MFCCs and the other on the new parametric feature-set 
(PFS). In this research, like [5], we combine multiple classifiers which trained by 
different feature-sets. However, unlike [5], we extract feature-sets using KPCA 
transforms from original MFCCs feature-set. As in GKPCA, we apply KPCA to 
subsets of the whole features. At this time, the subsets are selected randomly unlike 
GKPCA. This process is repeated many times in order to obtain several subsets. Each 
subset is used to estimate the KPCA basis. Multiple classifiers (speaker identifiers) 
are trained with these features. Finally, the speaker identification results are combined 
using majority voting [6]. 

The remainder of this paper is organized as follows. Section 2 describes the 
proposed ensemble system. Section 3 and 4 show the experimental results and 
conclusion respectively. 

2 Related Works 

2.1 Speaker Identification Using GMM-UBM [7] 

GMM (Gaussian mixture model) [8] is well-known modeling method in speaker 
recognition domain. It represents a speaker model with weighted combination of 
several Gaussian components (probability density functions). The equation of 
likelihood function is 

( ) ( )
1

|
M

i i
i

p x w p xλ
=

=∑ . (1)

Where x  and � are input feature vector and model parameter (weights, means 
and covariances). wi and pi represent weight and probability density function of ith  
Gaussian component respectively. In D-dimensional space, pi is 
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i
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π

Τ −⎧ ⎫= − − Σ −⎨ ⎬
⎩ ⎭Σ

. (2)

Where iμ �and� iΣ  are mean vector and covariance matrix of ith Gaussian 
component. 

In GMM-UBM method, each speaker dependent model is adapted from UBM 
(universal background model) which is a speaker independent model to represent 
general human voice. UBM is represented by a GMM which is trained by EM 
(Expectation-Maximization) algorithm [8]. Also, each speaker model is represented 
by a GMM which is adopted from UBM by MAP adaptation [7]. 

In identification phase, log likelihoods of input feature vector sequence 
[ ]1 2, ..., tX x x x

Τ=  are calculated for each speaker model (equation (3)). And then, 
speaker identification system chooses an identified speaker which has the highest log 
likelihood. 
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2.2 Feature Enhancement Using GKPCA [4] 

PCA (Principal Component Analysis) [1] is used as popular feature enhancement 
method. It transforms original features to new basis which maximize the variance of 
the whole features. However, PCA may be ineffective when the feature vectors have 
nonlinear structure.  

KPCA (Kernel Principal Component Analysis) [2][3] is the nonlinear version of 
PCA. It is more appropriate than PCA when the feature vectors have nonlinear 

structure. In KPCA, the D-dimensional feature vectors [ ]1 2, ,...,
T

tX x x x= , 

D
ix ∈ℜ  in input space are mapped to a very high dimensional space ∞ℜ  (feature 

space) via a mapping function φ , and the PCA is performed in feature space. 

: Dφ ∞ℜ → ℜ . (4)

The new coordinates for KPCA with centered features 

( ) ( ) ( )1 2, ,...,
T

iX x x xφ φ φ φ⎡ ⎤= ⎣ ⎦  can be calculated by the eigenvalue 

decomposition problem of kernel matrix K which is a t ��t matrix whose elements Ki,j 
are defined as 

( ) ( ),i j i jK x xφ φ≡ ⋅ . (5)

We can employ mercer kernel function to compute dot product in feature space. 

( ) ( ) ( ),i j i jk x x x xφ φ= ⋅ . (6)

In researches with toy examples or with a small number of training set, KPCA 
outperforms PCA. However, the memory requirement and the computational 
complexity increase quadratically with the number of training data. For this reason, it 
is difficult to apply KPCA-based feature extraction method to large-scale problems 
such as speaker or speech recognition systems. 

GKPCA (Greedy Kernel Principal Component Analysis) [4] can compute KPCA 
using reduced training set. In GKPCA, the subset 

( ) ( ) ( )1 2, ,..., nS s s sφ φ φ φ
Τ

⎡ ⎤= ⎣ ⎦  ( S Xφ φ⊂ ) is selected from the total training 

set which minimizes the cost function over the total training set and the size n of the 
subset should be as small as possible to compute kernel matrix K and its eigenvectors. 
Fig. 1 shows the process of GKPCA briefly. 
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Fig. 1. Brief process of GKPCA.  

3 Proposed Method 

GKPCA estimates KPCA basis with n samples (speaker feature vectors) which are 
selected as a subset of the whole t samples (n << t). That is, GKPCA uses a small 
number of n samples. It may not be sufficient because n is very small number in 
comparison with t.  

In this research, we propose an ensemble system using KPCA. The proposed 
method selects several subsets of the whole data randomly and train multiple 
classifiers with the enhanced subset features which are transformed using KPCA. Fig. 
2 shows the proposed method in case of combining m classifiers. 
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Fig. 2. Combination of m classifiers (proposed method) 

The proposed method uses m times as much features than conventional GKPCA 
without increasing the time and memory complexity in proportion to the square of the 
number of training features. Therefore, we expect that it will increase the accuracy of 
the speaker identification. 

We use majority voting scheme to combine the classifiers. This scheme chooses 
the class which receives the highest number of votes from the classifiers. 

,
1

1,

arg max
m

i j
i

j C

J d
=

=

= ∑ . (7)
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Where di,j means the result of ith classifier for jth class (0 or 1) and C is number of 
classes (number of speakers). If the result of ith classifier is jth class, di,j is 1 and 
otherwise 0. Jth class is the combined result. 

4 Experiments and the Results 

4.1 Database and Speaker Model Training 

To evaluate the proposed system in various environments, two types of speech 
corpora are used: ETRI PC DB and ETRI cellular phone DB. These are consist of 
Korean speeches which are collected by ETRI (Electronics and Telecommunications 
Research Institute) speech information research center at Korea. Types of utterances 
are 2-digit numbers, 4-digit numbers and sentences. Each recording session is 
repeated 4 times and each session includes 5 recording trials. In ETRI PC DB, whole 
recording files are saved 16kHz / 16bits mono wave format (headerless linear PCM). 
The wave files in cellular phone DB are compressed by mu-law (8kHz / 16bits). For 
the experimental equality, whole recording files of the two DBs are uncompressed 
and downsampled to 8kHz. The speakers of the corpora are divided into three groups 
according to the session terms: ‘WEEK’, ‘MONTH’ and ‘SEASON’. To build a 
UBM, ‘MONTH’ speakers’ 10 utterances are used as training set (1st month – 1st 
session). For training speaker models and testing, ‘WEEK’ speakers’ 10 utterances 
are used (training: 1st week – 1st session, test: 3rd week – 1st session). The number of 
test speakers for PC DB is one hundred and that for cellular phone DB is 104. The 
UBM training sets consist of 101 speakers. 

The GMM-UBM [7] is used for speaker model training. To build a UBM, GMMs 
with 256 Gaussian components are trained by EM (expectation-maximization) 
algorithm [8]. The number of Gaussian components is started from 1 and is doubled, 
e.g. 1, 2, 4, 8, and 16. The model parameters (weights, means and covariances of 
Gaussian components) are trained once whenever the number of components is 
doubled. In the final stage (256 mix), model parameters are trained ten times. The 
speaker models are adapted once from UBM using MAP adaptation [7] with each 
speaker’s training set (�=1). 

To evaluate the proposed system in noisy environment, CAR, SUBWAY and 
RESTAURANT noise in Aurora2 DB is added at SNR 20dB and 10dB. FaNT is used 
for adding noise. 

4.2 Feature Extraction 

15 MFCCs (mel-frequency cepstral coefficients) and energy and their derivatives are 
derived from each utterance (window size = 25ms, shift = 10ms). Silences are 
removed by energy based method in feature level. The CMVN (cepstral mean and 
variance normalization) was applied for each utterance. 
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4.3 4.3   Feature Enhancement 

Each basis of PCA, GKPCA and proposed method is derived from the UBM training 
set. Then, the whole features (UBM training set, speaker model train set, test set) are 
transformed using the methods. 

In KPCA, Gaussian kernel function (equation (7)) is used (σ=32).  

( )
2

2
, exp

2
i j

i j

x x
k x x

σ

⎛ ⎞−⎜ ⎟= −
⎜ ⎟
⎝ ⎠

. (8)

In greedy filtering and random selection, we select one hundred feature vectors 
from the UBM training set. This size is maximum number which can process KPCA 
without out of memory error in our PC (2GB RAM). For the proposed method, we 
use an ensemble of one hundred classifiers.  

4.4 Experimental Results 

Table 1 shows the speaker identification rate of the overall experiments which include 
two types of corpora (PC and cellular phone DB). ‘NOISE’ represents type and SNR 
of noises which are added to the original wave data using FaNT. ‘CLEAN’ means 
original wave data and others mean noise added data, e.g. CAR20 (CAR noise added 
at SNR 20dB), RESTAURANT10 (RESTAURANT noise added at SNR 10dB). 
‘Baseline’, ‘PCA’, ‘GKPCA’, ‘Proposed’ mean MFCC features and their enhanced 
features using PCA, GKPCA and proposed method, respectively. 

Table 1. Experimental results 

DB NOISE Base 
line 

PCA GK 
PCA 

Pro 
posed 

MAX 

PC CLEAN 96.50 96.30 96.30 96.20 96.50 
CAR20 82.90 80.90 85.10 86.10 86.10 

SUBWAY20 70.30 67.40 67.10 67.80 70.30 
RESTAURANT20 80.20 74.80 82.50 83.00 83.00 

CAR10 57.40 40.10 55.00 58.50 58.50 
SUBWAY10 35.60 33.10 35.70 35.40 35.70 

RESTAURANT10 63.80 61.10 60.70 63.40 63.80 
CELL 

PHONE 
CLEAN 79.90 78.17 78.37 79.62 79.90 
CAR20 45.19 46.63 47.02 46.35 47.02 

SUBWAY20 57.69 57.21 59.71 60.38 60.38 
RESTAURANT20 53.37 58.56 58.46 59.42 59.42 

CAR10 22.21 26.35 28.17 29.33 29.33 
SUBWAY10 32.21 38.37 38.27 42.12 42.12 

RESTAURANT10 32.02 38.56 39.81 40.96 40.96 
AVERAGE 57.81 56.97 59.44 60.61 60.61 
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Our proposed method shows better average accuracy in the overall environments 
over the other methods. Fig. 3 shows the average speaker identification accuracy 
according to the number of classifiers. 

 

 

Fig. 3. Average speaker identification accuracy according to the number of classifiers 

If we don’t construct classifier ensemble, proposed method shows the lowest 
identification rate (46.12%). It is a natural result because our method is based on 
random selection. But, when we combining 11 classifiers, the accuracy of the 
proposed method is the same as the baseline (58.03%). And, when we combining up 
to 39 classifiers, proposed method shows the highest identification rate (59.47% at 39 
classifiers and 60.56% at 100 classifiers). These results mean that the limitation of 
GKPCA can be overcome by the proposed method. 

5 Conclusions 

We have proposed an ensemble system for speaker identification using kernel PCA. 
In this research, like GKPCA, a small subset of the whole data is used to estimate 
each KPCA basis. Unlike GKPCA, each subset for a classifier is selected randomly 
and multiple classifiers for the ensemble system are trained. As the results, the 
proposed method shows better average accuracy in various environments. 
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Abstract. Progress in information technologies and their broad social
expansion have led to the appearance of websites specialized in online
hotel booking. These sites offer new approaches for customers that have
demonstrated a strong tendency towards making last minute reserva-
tions. This scenario has dramatically affected the task of predicting ho-
tel bookings, making these estimations is now much more complex using
the traditional forecasting models. Given the importance of this esti-
mation, it is crucial to find more accurate prediction models that take
into account these new situations. This work aims to develop an applica-
tion to predict hotel room reservations that tackles the consequences of
last-minute reservations. Our proposal combines genetic algorithms op-
timization and truncated mean k-nearest neighbours regressor. After the
analysis, we conclude that our method shows a significant improvement
regarding working with historical booking information when compared
with classical models. Therefore, the results of the study illustrate that
our application will enable the development of useful prediction demand
calendars.

Keywords: Genetic Algorithm, Optimization, k -Nearest Neighbours,
Hotel Booking Forecasting, Decision Support System.

1 Introduction

In recent years, hotel guest-booking behaviour has evolved into a more complex
pattern, primarily caused by an amplified range of new online booking services.
These services has made clear hotel guests tend more towards last minute reser-
vations [17]. Moreover, potential guests usually compare room prices within the
same online services from different hotels to reduce costs. This novelty behaviour
generates a significant impact in hotel pricing strategies, as well as in customer’s
choices that need to be considered for the forecasting process [2]. For this reason,
hotel managers need to be able to forecast hotel arrivals more accurately in order
to adequately estimate room charges. Accurate arrivals forecasting is necessary
since hotel managers maximize the profits by adjusting the room prices accord-
ing to the predicted demand. Nowadays, a popular trend in the hotel industry
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is to implement a data management system, called revenue management (RM)
system, for supporting decisions in room pricing policy. RM is a growing area
within the information technology development, which focuses on how companies
should adjust prices to maximize their profitability. The usage of RM systems
is increasing amongst hotel managers, who have a great interest in pricing and
revenue optimization. It should be noted that a prediction model lays at the
heart of the RM model, and the accuracy of this model is crucial to the fore-
cast´s success [8]. The availability of historical databases allows a RM system
to be implemented using data management systems for improving hotel booking
forecasting.

Only a few studies focus on hotel reservation forecasting analysis. Previously,
this methodology has been successfully applied to solve similar problems in other
fields like the airline industry [13] Regarding hotel booking forecasting, Weath-
erford and Kimes [18] presented a detailed description using traditional methods
for trying to solve this problem in 2003. The first attempt at forecasting consisted
of clustering raw data into disjointed customer groups with the assumption of
mutual independence. Then a prediction model was used to analyze each group.
Other proposals for booking estimations employed Holt-Winters method [15] and
Monte Carlo simulations [21]. In addition, other studies in forecasting prove that
prediction accuracy can also be improved by dynamically updating the model
as soon as new information is available [19]. In particular, Haensel et al. [8]
adopted a method consisting of a dimension reduction and a penalizing least
squares procedure for hotel booking prediction in order to reduce computation
time.

In this article we propose the use of a different methodology related to soft
computing (SC) instead of classical forecasting methods. SC consists of the use
of computational techniques and intelligent systems for solving inexact and com-
plex problems [16]. It involves different computational techniques such as neural
networks (NN) and fuzzy sets or genetic algorithms (GAs). These approaches
are all stochastic and therefore suited to investigate many real world problems
[5]. In particular, GAs, a promising SC technique that has emerged in recent
years can provide an efficient multivariable optimization compared to classical
exhaustive search method. GAs are inspired by the law of nature [3] and can
solve optimization problems through the principles of biological evolution [4].
These processes are also known as survival of the ‘fittest’, sexual reproduction
and mutation among others [11].

Our suggested method was mainly formed by an instance based learning (IBL)
algorithm like k -nearest neighbours (k -NN). The optimization of the model´s
parameters and the input selection were based on genetic algorithms (GAs).
We have avidly studied the optimization of a variable selection with GAs in
combination with k-nearest neighbours (k -NN), an IBL algorithm, for the ho-
tel booking prediction within a complete year. To improve results, k -NN algo-
rithm uses a truncated mean into the regression analysis. This is one of the
simplest machine learning (ML) algorithms for regression, whose core is assign-
ing the truncated average of the values of its k nearest neighbours for each new
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instance. Moreover, neighbours could be weighted in such a way so that the near-
est elements contributes more to the weighted average. In our case, a specific
prediction model for a hotel has been developed taking into account histori-
cal booking data and lists of local, regional and national festivities. We were
able to work with real data from a Spanish hotel provided by Hoteloptimizer
(http://www.hoteloptimizer.com), a new and dynamic company developing
hotel RM systems. The experimental database was generated from the histori-
cal booking information of a Spanish hotel, taking into account relevant annual
dates as well as other important information for a period of three years. Data
were collected on a daily basis, providing useful information regarding the fol-
lowing characteristics: day of the week, day of the month, season, celebrations
or festivals and so on. Furthermore, experiments were conducted to evaluate our
proposed model comparing with four other classical methods. We have presented
our results are presented by creating in a demand calendar for six months.

2 Algorithms and Methods for Regression Tasks

2.1 Truncated Mean k-NN Method

K -NN is an IBL algorithm, and for this reason it does not induce rules, decision
trees, or other types of abstractions. K -NN incrementally derives its concept
descriptions from a sequence of training instances without training time [1].
Furthermore, this method has been described as the most suitable to solve highly
dimensional problems. The distance usually used to determine the similarity
metric between the objects is the Euclidean. However the method also permits
the use of other methods like Chebyshev, Manhattan, and Mahalanobis [7]. In
classification tasks, k -NN uses majority vote among the classification of the
K objects and it does not take into account assumptions on the distribution
of predicting variables during the learning process [6]. Similiarly, k -NN uses
the weighted mean of the outcomes of its k nearest neighbours in regression
problems. In this work, a truncated mean is used to obtain robust estimations.
The truncated mean consists of obtaining the mean of the nearest values inside
the inter-quantile range defined by q and 1 − q. Below are found the steps to
predict variables using the proposed k -NN are listed:

1. Calculate the distance between training samples and the new instance.
2. Sort the k -th minimum distances to find the k nearest neighbours and de-

termine their outputs yk.
3. The output of the new instance is found computing the truncated mean of

the k output values yk.

The main advantage of k -NN is the effectiveness in situations where the training
dataset is large and biased.

2.2 Other Machine Learning Algorithms

Through a list of models we have collated several ML algorithms, which we
compare with our proposal:

http://www.hoteloptimizer.com
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Local Festivities (mL feat.) Regional Festiv. (mR feat.) National Festiv. (mS feat.) Month
Day of 
week

Week of 
month

Room
Booking

N x mL 
X4 X5 X6

Hotel Booking Dataset

RF Selection Binary Array NF Selection Binary ArrayLF Selection Binary Array 

 wi , i=1,..,6  

k=1,..,N

Truncated Q-quantile mean
q

yi , i=1,..,k 

Q(yi,q) = ŷn

xi

(yn)t

X1,sel X2,sel X3,sel
 α1  α2  α3 

X1 X2 X3
N x mR N x mS

N x m'L N x m'R N x m'S

W(X) =
w1·d(X1,sel) + w2·d(X2,sel) + w3·d(X3,sel) + w4·d(X4) + w5·d(X5) + w6·d(X6)

6

Fig. 1. Scheme combining variable selection, k-NN and trucated Q-quantile mean

– M5P algorithm [14]. This algorithm uses a so-called separate and conquer
strategy to create a model tree in which each leaf is a linear regression model.

– Multilayer perceptron (MLP) [9]. MLP model can be considered as a highly
adaptive nonlinear mathematical approximator. Its structure is an example
of feedforward neural network where the activation of each hidden node
(usually related to a sigmoid function) depends on the linear combination
of its inputs. In case of numerical prediction, outer neurons are formed by
linear units. The number of hidden neurons is not fixed and it defines the
complexity of the model. Varying the number of neurons in the hidden layer
or the input variables, the generalization performance of the MLP can be
controlled.

– Linear regression (LINREG) [20]. Classical linear prediction model that uses
a greedy method for variable selection based on Akaike information criterion.

– Least median squared (LMSQ) linear regression [12]. Based on linear regres-
sion, the method creates firstly a set of least squared regression functions
using random subsamples of the training data. After that, the function with
the lowest median squared error is selected as the resulting model.

3 Optimizing k -NN Regression Model with GAs

We introduce a method that mainly utilizes k -NN method for regression, with
a previous variable selection to forecast hotel guest bookings for each day. It is
well known the k-NN itself is a good approximator for time series. In this article,
k -nearest days are selected for each day in such a way that the bias is minimized.
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As mentioned before, in order to generate an accurate output, it is necessary to
optimize the value of the number of the k nearest neighbours. We have to select
a subset of relevant variables and choose the distance metric d(p, q).

In this article, the optimization method based on GAs is selected as an effec-
tive technique, due to its ability in defining the best variables and their weighted
array wi. Additionally, the aforementioned method will provide an optimal k and
q which in turn will improve accuracy. As a result (see Figure 1), the optimization
scheme obtains the optimal values of the k-NN regressor through the following
steps:

1. First, variables are normalized between 0 and 1 so Xi ≡ Xi
j, k ε [0, 1] where

j = 1, . . . , mL, k = 1, . . . , N , and i = 1, . . . , 6.
2. Selection of the most important variables:

(a) Matrix for local festivities in the city or in nearby cities X1
N×mL

where
mL is the number of initial local festivities and N = 1095 days.

(b) Matrix for regional festivities (also in nearby regions) X2
N×mR

where
mR is the number of initial regional festivities.

(c) Matrix for national festivities (only in Spain) X3
N×mS

where mS is the
number of initial national festivities.

(d) Arrays of characteristics of one date in the calendar: Month of the year
X4

N×1, week of the month X5
N×1, and day of the week X6

N×1.
3. Usage of binary arrays Xi,sel = Xi × (αi)

t where αi, i = 1, . . . , 3 to reduce
the initial selection in step 2 for the festivity matrix.

4. All matrices and column arrays are multiplied by their corresponding weights
wi, i = 1, . . . , 6.

5. A weighted Euclidean distance matrix W is created with the calculation of
the Euclidean distances d (p, q) between all dates.

W =

∑3
i=1 wi · d

(
Xi,sel

)
+
∑6

j=4 wj · d
(
Xj
)

6
(1)

6. Determine the similar days and mean results with an inverse distance
weighted average. The number of room bookings for k -nearest days are se-
lected for each date from the Euclidean distance matrix. In order to obtain
robust values, the average room booking is calculated using the truncated
mean of the k -values that falls into the range limited by quantile q and
(1 − q).

3.1 Evolutionary Optimization Process Using a GA

A GA was used to optimize the parameters of the proposed model and to select
the input variables of each model. Specifically, the parameters included into the
genetic code are: number of nearest neighbours k, value of quantile q , weighted
coefficients wn, and binary arrays for input selection αi where i = 1, . . . , 3
(see Figure 2). Before beginning this process, 50 individual algorithm’s parame-
ters are initialized with random values. For each individual parameter, training
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 α1  α2  α3

Fig. 2. Binary-coded chromosome for optimization process

data is randomly selected from the 70 % of the database. The other 30% of
the database (validation data) is used to calculate the validated error between
predictions and real room reservations.

The data showed a highly skewed dependent variable (Figure 3). Based on
Liu and Chawla studies [10], we defined a quadratic mean which measures the
magnitude of varyring quantities. This one corresponds with the square root
of the arithmetic mean of the averaged squares of each group of elements. In
particular, we redefine the following quadratic mean validation error function,
named RMSE10, as:

RMSE10 =

√∑n1
i=1 e1(i)2

n1
+
∑n2

i=1 e2(i)2

n2
+ ... +

∑n10
i=1 e10(i)2

n10

10
(2)

where e1(i) is the error for the n1 normalized target values included within the
range [0, 0.1], e2(i) is the errors which target values n2 belong to the range
(0.1, 0.2], ..., and so on.

Then, for each day of the validation database, k-nearest days are selected
using the training matrix. In each case, the process is reproduced several times
(10) with different training and validation data. Finally, the fitness function J
to minimize is the following:

min (J) = min

(∑10
i=1 RMSE10i

10

)
(3)

where RMSE10i is the quadratic root validation mean squared error of the
i-th process. Those individuals in generation 0 with lowest fitness function are
selected to be the parents for the next generation (generation 1). So, the afore-
mentioned generation is built as follows:

– 20 % comprising the best individuals from the previous generation. These
are the parents for the next generation.

– 70 % comprising individuals obtained by crossovers from parents. The crossover
process involves changing various digits in the chromosomes of the variables
to be modified. These chromosomes are constructed through digits of the
variables removing decimal points and creating a single set.
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Fig. 3. Histogram of the target variable: room reservations demand
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Fig. 4. Evolution of RMSE values for the 10 best individuals of generations 1 to 130:
light grey boxes are validation RMSE values, dark grey boxes are testing RMSE values

– The remaining 10 % is obtained by the process of mutation. This mecha-
nism follows into the creation of random chromosomes within the estab-
lished ranges. The aim of such course of action is to find new solutions in an
unexplored space.

This process is repeated over several generations until the fitness function of
the best individual is observed to remain constant or suffers in absence of a
significant variation from one generation to other.

4 Experiments and Results

The database was created from a historical reservation data from a Spanish hotel.
The first step was analysing significant variables (macro-economic, social pat-
terns, meteorological state, annual festivities). These concepts were
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Table 1. Validation errors: RMSE and MAE

Algorithm RMSEmean RMSEsd MAEmean MAEsd time

M5P 0.191 0.002 0.142 0.001 43.15
IBk(k = 8) 0.202 0.001 0.152 0.001 0.022
LINREG 0.254 0.001 0.202 0.001 1.993
MLP (n = 15) 0.274 0.008 0.219 0.013 134.9
LMSQ 0.298 0.001 0.206 0.000 267.2

obtained from different sources such as: National Institute of Statistics of Spain
(INE), meteorological databases and other data sources. The next step involved
experts trained to select the most important variables. In this case of study,
119 attributes were selected from the following sources: historical room booking
dataset, annual parameters database and set of indicators originated from one
specific Spanish region.

Moreover, several scatterplots were used to identify the correlation between
the aforementioned variables and the hotel overnight attributes from different
Spanish regions. This mechanism was conducted in order to reduce the list of
initially important variables according to the analysed correlation. After the
selection of the most significant variables, we proceeded to engage in a thorough
quest for a methodology which can develop useful models. These models in turn
would allow us to achieve a calendar forecast for a specific hotel. Finally, the
design of the prediction models was structured in 22 input attributes, which
define the main characteristics of each day (month, day of the week, season,
festivities in closely regions or cities, festivities in Spain, etc.). Additionally,
these prediction models will generate an output variable with the number of
reservations for each day. All models were created and validated using historical
reservation data as a training-validating dataset from the years 2007 and 2009
inclusive. Data before 2007 was not considered in this study because of the
different economic situation in Spain. Final testing dataset was created with the
reservation data between January and July 2010.

4.1 Experiments Using Classical Machine Learning Techniques

The models listed in Section 2 were trained using 70 % of random sampled data,
and remaining data (30 %) were employed to validate each model. The results of
the training and validation process were measured along the 10 training/testing
runs. Table 1 displayed the computation time, mean and standard deviation
(SD) of validation root mean squared validation error (RMSE ) and validation
mean absolute validation error (MAE ).

The summary of the validation errors is arranged by RMSEmean. As ob-
served, the best algorithm in terms of RMSE was M5P tree with a valida-
tion RMSEmean value of 19.1 % and MAEmean value of 14.2 %. By contrast,
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Table 2. RMSE and MAE using data from January, 2010 to July, 2010

Algorithm MAE RMSE

k − NN + GA 0.100 0.157
M5P 0.131 0.164
IBk(k = 8) 0.141 0.180
IBk(k = 10) 0.143 0.180

Table 2 shows the results obtained after testing process. It can be said that the
best algorithm was not the same as in validation process. The proposed model
in this work achieved the minimum error with a testing RMSE value of 15.7 %
and MAE value of 10 %. This results are detailed in the next paragraph.

4.2 Experiments Using k-NN Method Optimized with GA

Taking 300 generations calculated during 50 days, the minimum J achieved with
validation database was 15.20 and the minimum RMSE 15.69 . In Figure 4 we
observe the evolution of J and testing RMSE value for 10 best individuals from
generation 1 to 130.

Figure 6 shows evolution of test RMSE of the best individuals with different
fitness functions. These functions were MAE, RMSE, relative root squared error
(RRSE ), and quadratic mean error proposed (RMSE10 ). RMSE10 clearly shows
superior performance. Moreover, Figure 5 compares the predicted values with real
reservations for the test database (first seven months of the year 2010). In this re-
spective case, the plot shows a good trend due to its a proximity towards the diago-
nal line. Furthermore, the testing RMSE obtained with the dataset of the proposed
model isRMSE = 15.69while the testingRMSEofM5Pmodel isRMSE = 16.40.
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Fig. 5. Ordered plot between real and predicted room booking: a) Proposed k -NN
model optimized with GA with variable selection; b) Quinlan’s M5P model



88 A. Sanz-García et al.

0 50 100 150 200 250 300

1
5

1
6

1
7

1
8

1
9

Generation

T
E

S
T

 R
M

S
E

RMSE MAE

RRSE

RMSE10

Fig. 6. Evolution of test errors using different measures as fitness function J

1(58)[0]

April
L M X J V S D

2(59)[3] 3(56)[4] 4(5)[9]

5(9)[5] 6(12)[6] 7(13)[10] 8(10)[2] 9(39)[36] 10(39)[31] 11(4)[0]

12(8)[0] 13(12)[8] 14(16)[4] 15(10)[0] 16(39)[14] 17(39)[5] 18(6)[2]

19(10)[2] 20(12)[2] 21(13)[7] 22(10)[2] 23(39)[13] 24(43)[1] 25(5)[11]

26(9)[6] 27(12)[8] 28(28)[26] 29(10)[2] 30(39)[29]

1(51)[5]

May
L M X J V S D

2(4)[4]

3(9)[25] 4(6)[2] 5(12)[6] 6(14)[10] 7(18)[1] 8(29)[1] 9(26)[26]

10(18)[16] 11(7)[5] 12(6)[22] 13(15)[14] 14(22)[32] 15(44)[10] 16(7)[2]

17(9)[7] 18(6)[4] 19(11)[9] 20(13)[12] 21(19)[0] 22(44)[17] 23(8)[4]

24(10)[2] 25(6)[3] 26(20)[14] 27(16)[0] 28(16)[0] 29(44)[18] 30(7)[2]

31(6)[0]

1(16)[4]

June
L M X J V S D

2(14)[0] 3(12)[4] 4(36)[20] 5(54)[4] 6(8)[1]

7(13)[2] 8(14)[8] 9(12)[8] 10(12)[10] 11(18)[2] 12(34)[16] 13(11)[10]

14(12)[10] 15(14)[9] 16(12)[6] 17(12)[6] 18(34)[25] 19(54)[4] 20(9)[4]

21(10)[3] 22(14)[16] 23(15)[3] 24(15)[3] 25(32)[0] 26(54)[8] 27(16)[8]
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42.6−56.8 (60%−80%)
28.4−42.6 (40%−60%)
14.2−28.4 (20%−40%)
0−14.2 (0%−20%)

Fig. 7. Calendar with room booking forecast for April, May and June of 2010. Colour
in each box represents the booking prediction level for each day

Finally, Figure 7 presents a forecasting calendar for April, May and June of
2010 calculated using the database created from years 2007 to 2009. The calendar
gives the prediction for each day on the following manner: the first number on
the left is the day of the month, the number shown in brackets indicates the value
of the room booking prediction, and between squared brackets the confidence
interval of 95% level is showed . Moreover, the booking level (type of day) is
distinguished with grey scale with the interpretation of the references to grey
color in the figure legend.

5 Conclusions and Future Work

In this article, a methodology has been designed with a heuristic strategy based
on GAs and the combination of three steps: input selection, identification of the
similarity between booking days, and the use of truncated mean for identified
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days. The results with the truncated mean were more robust avoiding several
days with an abnormal behaviour (i.e. congress meetings or weddings). Those
days seemed to be equals if we did not use historical booking information, but
they have very different room demand during the period of time selected.

As noted, global parameters have been optimized with a GA. The optimization
process calculated 300 generations, but we want to emphasize that there were
not significant improved after the 170 generation. This process is time-consuming
(for calculating 300 generations was necessary almost two months) but however,
in few number of generations correlation is almost stable.

Taking into consideration the problems in booking forecasting, we should
point out that the respective model is limited by its high randomness. Neverthe-
less, results with the proposed model are considered to be above expectations. In
conclusion, future research could be elaborated in order to obtain an important
depth to this work. One of the additions to consider is the creation short time
booking prediction models. The main objective of this amplifying decision is to
predict prices for a short term, (week or days) by the means of actual book-
ing curves and prices (stakeholder). Also to be noted, this course of action will
also follow the type of day based on our “significant variable selection” of the
long-term calendar.

Acknowledgments. We would like to convey our gratitude to José Ig-
nacio Pérez Moneo for his support and accessibility with tools like RMS
(http://hoteloptimizer.com/). On the same line, we would also like to thank
to the Autonomous Government of La Rioja for the continuous encouragement
by the means of the “Tercer Plan Riojano de Investigación y Desarrollo de la
Rioja” on the project FOMENTA 2010/13, and to the University of La Rioja
and Santander Bank for the project API11/13.

References

1. Aha, D.W., Kibler, D.: Instance-based learning algorithms. Machine Learning, 37–
66 (1991)

2. Cantoni, L., Fans, M., Inversini, A., Passini, V.: Hotel websites and booking en-
gines: A challenging relationship. In: Law, R., Fuchs, M., Ricci, F. (eds.) Informa-
tion and Communication Technologies in Tourism 2011 (Proceedings of the Int.
Conf. in Innsbruck, Austria), pp. 241–252. Springer, Heidelberg (2011)

3. Corchado, E., Abraham, A., Carvalho, A.: Hybrid intelligent algorithms and ap-
plications. Information Sciences 180(14), 2633–2634 (2010)

4. Corchado, E., Graña, M., Wozniak, M.: New trends and applications on hybrid
artificial intelligence systems. Neurocomputing 75(1), 61–63 (2012)

5. Corchado, E., Herrero, A.: Neural visualization of network traffic data for intrusion
detection. Applied Soft Computing (2010)

6. Cover, T., Hart, P.: Nearest neighbor pattern classification. IEEE Transactions on
Information Theory 13, 21–27 (1967)

7. Deza, E., Deza, M.M.: Encyclopedia of distances, pp. 1–583. Springer, Heidelberg
(2009)

http://hoteloptimizer.com/


90 A. Sanz-García et al.

8. Haensel, A., Koole, G.: Booking horizon forecasting with dynamic updating: A case
study of hotel reservation data. International Journal of Forecasting 27, 942–960
(2011)

9. Haykin, S.: Neural networks: a comprehensive foundation. Prentice Hall (1999)
10. Liu, W., Chawla, S.: A quadratic mean based supervised learning model for man-

aging data skewness. In: SDM, pp. 188–198. SIAM/Omnipress (2011)
11. Mitchell, M.: An introduction to genetic algorithms. The MIT Press (1998)
12. Portnoy, S., Koenker, R.: The gaussian hare and the laplacian tortoise: Computabil-

ity of squared- error versus absolute-error estimators. Statistical Science 12, 279–
296 (1997)

13. Pölt, S.: Forecasting is difficult - especially if it refers to the future. In: AGIFORS
- Reservations and Yield Management Study Group Meeting Proceedings (1998)

14. Quinlan, J.R.: Learning with continuous classes. In: 5th Australian Joint Confer-
ence on Artificial Intelligence, pp. 343–348 (1992)

15. Rajopadhye, M., Ben-Ghalia, M., Wang, P.P., Baker, T., Eister, C.V.: Forecasting
uncertain hotel room demand. Information Science 132, 1–11 (2001)

16. Sedano, J., Curiel, L., Corchado, E., de la Cal, E., Villar, J.: A soft comput-
ing method for detecting lifetime building thermal insulation failures. Integrated
Computer-Aided Engineering 17(2), 103–115 (2010)

17. Sparks, B.A., Browning, V.: The impact of online reviews on hotel booking inten-
tions and perception of trust. Tourism Management (2011)

18. Weatherford, L.R., Kimes, S.E.: A comparison of forecasting methods for hotel
revenue management. International Journal of Forecasting 19, 401–415 (2003)

19. Weinberg, J., Brown, L.D., Stroud, J.R.: Bayesian forecasting of an inhomogeneous
poisson process with applications to call center data. Journal of the American
Statistical Association 102(480), 1185–1198 (2007)

20. Wilkinson, G.N., Rogers, C.E.: Symbolic description of factorial models for analysis
of variance. Journal of the Royal Statistical Society. Series C (Applied Statistics) 22,
392–399 (1973)

21. Zakhary, A., Atiya, A.F., El-Shishiny, H., Gayar, N.E.: Forecasting hotel arrivals
and occupancy using monte carlo simulation. Journal of Revenue and Pricing Man-
agement 42, 1–11 (2009)



A Social Network-Based Approach

to Expert Recommendation System

Elnaz Davoodi1, Mohsen Afsharchi1, and Keivan Kianmehr2

1 Institute for Advanced Studies in Basic Sciences
Zanjan, Iran

elnazood@gmail.com, afsharchim@iasbs.ac.ir
2 University of Western Ontario

London, Ontario, Canada
kkianmeh@uwo.ca

Abstract. We present a hybrid method for an expert recommenda-
tion system that integrates the characteristics of content-based recom-
mendation algorithms into a social network-based collaborative filtering
system. Our method aims at improving the accuracy of the recommen-
dation prediction by considering the social aspect of experts’ behaviors.
For this purpose, social communities of experts are first detected by
applying social network analysis and using factors such as experience,
background, knowledge level, and personal preferences of experts. Rep-
resentative members of communities are then identified using a network
centrality measure. Finally, a recommendation is made to relate an in-
formation item, for which a user is seeking for an expert, to the rep-
resentatives of the most relevant community. Further from an expert’s
perspective, she/he has been suggested to work on relevant information
items that fall under her/his expertise and interests.

Keywords: Recommendation Systems, Social Network Analysis,
Clustering, Semantic-based Similarity, Information Retrieval, Knowledge
Management.

1 Introduction

Identifying/classifying experts is an emerging research area that has been widely
studied by many researchers in recent years. One objective in exploring the ex-
perts is to facilitate the process of finding the right people whom we may ask a
specific question and who will answer that question for us. In the field of knowl-
edge management, the concept of tacit knowledge refers to a type of knowledge
possessed only by an individual. In general, it is difficult to communicate the
tacit knowledge to others via words and symbols, or to codify it. One example
of tacit knowledge is experience. Tacit knowledge usually resides in the expert’s
brain. Therefore finding relevant experts for a particular task is challenging.
Profiling the expert and constructing the expert directories and yellow pages
is an efficient and effective way to manage the tacit knowledge [9]. However,
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with the increasing complexity of tasks and the need for narrowed expertise in
some highly on-demand areas, it is becoming more difficult to passively find
the appropriate experts through directories. As an alternative approach, recom-
mendation systems have been adopted into knowledge management systems to
provide active knowledge sharing. In these systems, recommendations are made
to the users according to the users’ needs and interests. Many efforts have been
made to improve the accuracy of explicit recommendation algorithms. However,
fewer researches have focused on tacit knowledge recommendation. Recommen-
dation systems are classified into three groups based on the way that the user
models are constructed, the employed prediction methods, and also the type of
items to be recommended [2]. These three groups are content-based, collabora-
tive filtering, and hybrid methods. One important aspect that has been ignored
until recently is the social element of the user behavior in making recommen-
dations. People communicate with their peers, whom they trust, to get advice.
Therefore, it seems more rational to deliver recommendations within an informal
community of users and a social context. An approach that has recently received
much attention is to use the social structure of user community, in addition to
the users’ profiles and previous behaviors, as an additional source of information
in building recommender systems.

Hybrid intelligent systems are becoming popular due to their capabilities of
handling many real world complex problems. In a hybrid intelligence system,
a synergistic combination of multiple techniques is used to build an efficient
solution to deal with a particular problem. [1,4,5]. For instance, logic-oriented
neural networks greatly benefits from synergistic links between the technology of
fuzzy sets and neural networks [19]. In logic-oriented neural networks some prior
domain knowledge is incorporated to improve the structure of the network and
establish some interesting and meaningful connections. This unique feature is not
available in case of standard neural networks as they do not come with any direct
interpretability capabilities which could be instantaneously taken advantage of
domain knowledge [19].

This research work presents a hybrid recommendation system which is indeed
a social network-based collaborative strategy that it also maintains the content-
based profiles for each user. In order to design such a hybrid system, we make
use of artificial intelligence-based information retrial methods and unsupervised
learning (clustering) techniques for analyzing the characteristics of a social net-
work. One advantage of this approach is that users can be recommended an item
not only when this item is rated highly by users with similar profiles, but also
directly, i.e., when this item gets highly scored against the user’s profile. In the
domain of the expert recommendation system, our proposed system discovers
communities of experts and accordingly assist users to effectively find groups
of experts who have users’ desired tacit knowledge. In this context, the social
structure of the experts’ relations, captured in a social network, is used as the
social component of the recommendation system. The social network of experts
is constructed based on factors such as experience, background, knowledge level,
and personal preferences of experts.
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The rest of the paper is organized as follows. Section 2 presents several related
works. Section 3 describes the proposed methodology. Section 4 demonstrates an
example application of the proposed recommendation system. Finally, the paper
is concluded in section 5.

2 Related Work and Our Contribution

With the rise of the eCommerce systems in the past decade, major internet
retailers have begun to build recommender systems to personalize content to
show to their users through an information filtering process. Recommendation
systems were first employed by Amazon.com, which would show users personal-
ized recommendations of items that the system thought they would like based
on the items that they had bought or rated in the past [10]. Since then they have
been widely and successfully used in the fields of movies such as the EachMovie
database [3], music such as Last.fm website [8], books [17], and documents [11].
Since collaborative filtering recommendation systems carry the social character-
istics of users, different concepts of social network analysis can be utilized to
improve the accuracy and reliability of recommendations. Several studies have
been conducted on the use of social networks in recommendation systems. For
example, in [15] authors use two different social networks in a system to rec-
ommend possible collaborations for individuals. Ogata et al. [18] use social net-
works to facilitate finding a person to collaborate with. In [6], trust clusters are
used to improve the recommendation in which clusters are based on trust rather
than similarity. Further, several trust-aware recommendation methods have been
proposed [12,13,14] in which it is shown that by using users’ trust relations, the
performance of the traditional recommender systems can be improved.

The main contribution of this paper is to design and develop a general frame-
work that attempts to detect communities of experts in a social network and
to build a recommendation system that utilizes the information extracted from
expert communities to make predictions. The ultimate goal of this system is
to recommend experts who carry the appropriate tacit knowledge with regards
to the user information needs. To assess and evaluate the effectiveness and us-
ability of the proposed expert recommendation system in the real world, an
experiment with 315 researchers and 62 research topics (information items) has
been conducted. Results have been evaluated against information collected from
23 subjects, who rated their research interests in a given list of research topics,
through a questionnaire.

3 The Proposed Model

In the proposed framework, the expert recommendation system is built in four
phases: 1) a profile is constructed for each individual expert by using the infor-
mation collected from different online sources; 2) the semantic knowledge derived
from Wikipedia is embedded into profiles; 3) a social network is constructed ac-
cording to the similarities among the experts’ profiles, communities of experts
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are detected in the social network, and representatives of communities are iden-
tified; and 4) a prediction is made to recommend representatives from an expert
community that has required expertise to fulfill the user’s specific information
need. In the rest of this section, components of the proposed system will be
described in more details.

3.1 Constructing Experts’ Profiles

To build rich profiles for experts, different types of relevant information need
to be collected. The manual entering mean for each expert is a very time con-
suming task and obviously is not feasible. Therefore, to create a textual profile
for each individual, a crawler automatically extracts information from relevant
web pages to individuals and collects them in the profiles. Profiles constructed in
this manner contain relevant information such as work experience, educational
history, social and political activities, abilities and specialties, interests, etc. to
each individual.

3.2 Integrating Semantic Knowledge into Profiles

In traditional text clustering methods, text documents are represented as “Bag
of Words” (BOW) without considering the semantic relationships among words.
In BOW approach, each document is considered as a vector in which dimensions
represent all words that appear in the corpus (dictionary). The value associated
to a given term reflects its frequency of occurrence within the corresponding doc-
ument (term frequency or tf ) and within the entire corpus (inverse document
frequency or idf ). Apparently, the BOW approach is limited since it only uses
the set of terms explicitly mentioned in the document and ignores relationships
between important terms that do not co-occur literally. For example, if two doc-
uments are about automobile sale markets, but one of them uses car and the
other one uses auto as a core word, they may be falsely assigned to different clus-
ters in spite the fact that both of them share the same topic and use synonym
core words. The most common way to solve this problem is to enrich document
representation with the background knowledge. There exist several ontologies
like WordNet [16] which have been used as external sources for embedding back-
ground knowledge to text documents [7], but these ontologies are manually built
and their coverage are too restricted. Their maintenance requires extreme effort
as well. For these reasons, Wikipedia, the world largest electronic encyclopedia
to date, has been recently used for text representation enrichment [20] as a more
feasible strategy. Wikipedia is a well-formed document repository in that each
article only describes a single topic. The title of each article is a succinct phrase
which is considered as a concept. Equivalent concepts are related to each other
by redirected links and are referred to the same page on the Wikipedia directory.
Meanwhile, each article (concept) belongs to at least one category, and categories
are organized in a hierarchical structure. All these features make Wikipedia a
proper ontology which excels other ontologies to be used for extracting seman-
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tic correlations among different concepts. In the context of our work, we take
advantage of Wikipedia ontology to embed semantic information into profiles.

Extracting Semantic Knowledge: To extract semantic knowledge from
Wikipedia, a content-based method is applied to enable system find proximity
between Wikipedia concepts, thus connections between concepts can be estab-
lished. In this method, each Wikipedia article (i.e., concept) is represented by
a tf-idf vector. The similarity between concepts are measured by computing
the cosine similarity of their corresponding vectors. Then, a symmetric concept-
concept matrix, called semantic kernel S, is created to present similarities among
all pairs of Wikipedia concepts. Each element Si,j of this matrix determines the
cosine similarity between a pair of concepts with indexes i and j, respectively,
where i, j ∈ {1, 2, . . . , c} and c is the total number of concepts considered. If
a row and a column refer to the same concepts or two synonym concepts, the
similarity value is 1. Note that queries on synonym concepts are redirected to the
same page by Wikipedia. Further, the more similar two corresponding concepts
are, the higher the value of the corresponding entry is. This kernel represents
semantic relationships among all Wikipedia concepts according to similarities of
their corresponding articles.

Integrating Background Knowledge into Experts’ Profiles: To integrate
the semantic knowledge represented in matrix S into profiles, first a type of rela-
tion needs to be defined that associates profiles to Wikipedia concepts. For this
purpose, a scheme based on the concept match is adopted to map the text docu-
ment profiles to the Wikipedia concepts directly. In this mapping scheme, profiles
are scanned and similarity-based correlations between Wikipedia concepts and
each profile are measured. To calculate the similarity between a profile and a
concept, the tf/idf representation method is utilized. Profiles and concepts are
presented in form of vectors in which dimensions are Wikipedia concepts. Ex-
pert profiles are considered as a collection of documents and each concept is
considered as a phrase query which can be assumed a short text document. In
addition, all operations that are applied to documents in tf/idf approach, like
porter stemmer or removing stop words, now are applied to concepts that are
considered as query phrases. Finally, the cosine similarity is used to measure
the similarity between pairs of corresponding vectors of document profiles and
Wikipedia concepts. The result is presented in a document-concept matrix D in
which a row entry represents a profile, columns are Wikipedia concepts, and each
element Di,j denotes the cosine similarity between a document i and a concept
j of Wikipedia, where i ∈ {1, 2, 3, . . . , n}, j ∈ {1, 2, . . . , c}, n is the number of
documents, and c is the number of concepts.

Once the document-concept similarity matrix is built, the semantic knowl-
edge represented by the semantic kernel can be integrated into the profile rep-
resentation. For this purpose, a linear combination of the document-concept
matrix D and the semantic kernel S is applied and and a new semantic-based
document-concept similarity matrix R is generated. The new matrix represents
the semantic-based profiles. Each element Ri,j is calculated as follows:
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Fig. 1. Linear combination of D and S that produces R

Ri,j =
∑c

k=1
Di,k × Sk,j (1)

, where k is the number of concepts, 1 ≤ i ≤ m is the row index and 1 ≤
j ≤ n is the column index. As the formula shows, the occurrences of all other
concepts in ith document affect the semantic relationship between jth concept
and ith document as well by considering the weights of all concepts’ similarities
to the jth concept. In other word, the weight of each concept’s influence on the
semantic relationship between a specific concept j and a document i is equal to
the similarity of that concept to concept j. Figure 1 shows an example semantic-
based document-concept similarity matrix resulted from the linear combination
of a document-concept matrix D and a semantic kernel S. In this example, only
three Wikipedia concepts are shown.

3.3 Construction the Social Network of Experts

In order to build the social network of experts, a relationship between experts
should be defined. For this purpose, expert profiles are considered as nodes of
the network and semantic-based similarities among all pairs of profiles are con-
sidered as edges. In order to compute the semantic proximity of profiles to each
other, an operation widely used in social network analysis, namely folding, is
applied. Assume the semantic-based document-concept similarity matrix R, in
which rows represent documents and columns represent concepts. Multiplying
the similarity matrix R, by its transpose R′, will produce a new symmetric ma-
trix in which rows and columns both represent profiles and elements quantify the
semantic relationship between pairs of expert profiles. This recently generated
similarity matrix is used to construct the links in the social network of experts.
For each pair of profiles, if their corresponding similarity in the similarity matrix
is a none zero value, then a link is established between the corresponding experts
in the network.

Detecting Expert Communities: A community is typically thought of as a
group of nodes with more interaction amongst its members than between its
members and the remainder of the network. Different clustering algorithms can
be applied for this purpose. In this study, the aim is to detect communities of
experts such that there are stronger similarities between cluster members, in
terms of expertise, knowledge, and experience, than between cluster members
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and other members of network. We have chosen k-means clustering algorithm
to detect the communities of experts. Further, two measures, homogeneity and
separateness, are used to evaluate clustering solutions. Since these objectives are
conflicting, k-means algorithm is applied with various numbers of clusters (k)
until an acceptable compromise is achieved. In other words, we have to trade off
between maximizing homogeneity and minimizing separation. In order to apply
k-means algorithm to cluster the social network, each node (expert) is repre-
sented by a vector whose features are the semantic-based similarities to all other
actors in the network. Clearly, the recentley generated similarity matrix can be
used for the clustering purpose as each row of the matrix presents the similarity
of an expert to all other experts.

Finding Communities Representatives: Usually clustering solution can be
summarized by introducing a representative member for each cluster. In our work,
since each cluster represents an expert community, the representative member of
a cluster is in fact an expert who summarizes that community in terms of the
knowledge, experience, and expertise carried by its members. To find a cluster
representative, we have decided to use a centrality measure, called eigenvector
centrality, which is widely used in social network analysis. According to the eigen-
vector centrality, a node is central to the extent that its neighbors are central. In
other words, in a clique the individual most connected to others within the clus-
ter and other clusters, is the leader of the cluster. Members who are connected to
many otherwise isolated individuals will have a much lower score in this measure
then those that are connected to groups that have many connections themselves.
In our domain, the eigenvector centrality follows that an expert well-connected to
well-connected experts can carry on valuable types of knowledge and experience
much more widely than one who only has connections to lesser important experts
in a community. Experts with higher scores of eigenvector centrality are more fa-
vorable when it is needed to find the right people whom we may ask a specific
question and who will answer that question for us.

3.4 Building the Expert Recommendation System

In this work a hybrid approach, that integrates the content-based characteris-
tics into a social network-based collaborative filtering system, is proposed to
recommend the most appropriate information items to communities of experts.
Information items are specified in forms of user’s questions for which a user is
seeking for the right experts. By applying similarity measures commonly used
in information retrieval approaches, in particular cosine similarity measure, in-
formation items are recommended to members of a community if they highly
match with the knowledge taste and preferences of that community members.
The social network component of the proposed system captures the social as-
pect of the experts’ behaviors. Experts collaborate with their peers on different
knowledge areas to obtain new expertise and improve their own knowledge and
experience. For a user who is looking for an expert for her/his information needs,
our system recommends a representative of a social community whose members
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have the relevant knowledge. We argue that a representative will be a better
choice than an individual expert who has been recommended only based on the
expert’s individual profile regardless of her social relations. If more than one ex-
pert is required, more members of the same expert community are recommended.
Experts in a social community are more similar to their community members
than the other experts in terms of knowledge, experience, and expertise. In other
words, all members of a community are experts in almost same topics. Thus, in a
collaborative filtering recommendation system, to recommend information items
to more than one expert, community members are better choices.

4 An Example Application

In this section, we present an example for an interesting application of our
proposed expert recommendation system. We have chosen the problem of a con-
ference chair assigning papers to be reviewed by the most relevant members
of the program committee. For this purpose, 315 program committee members
of the 16th ACM SIGKDD1 conference have been selected as the system in-
put. In addition, 62 keywords listed under the “conference topics” have been
used as information items for which the program chair is seeking for relevant
researchers. This set of keywords covers a wide range of scientific topics in the
field of knowledge discovery and data mining. The main goal of this experiment
is to recommend a subset of keywords to the most relevant research community
with respect to the type of knowledge, expertise, and experience represented by
that community.

A crawler, implemented for this work, extracts relevant information from on-
line sources, and a profile is automatically constructed for each researcher by the
system. For our experiment, the DBLP2 bibliography has been crawled to col-
lect the list of publications corresponding to each researcher. Information such
as list of keywords and abstracts are retrieved for publications from digital li-
braries and Google Scholar. A profile that contains this information indicates
a researcher’s interests, experiences, and specialties, etc. Further, in order to
build the semantic kernel S, we have to extract contents of Wikipedia concepts
(articles). For this purpose, we automatically construct a tree structure, for a
specific domain, e.g. compute science, which contains both category and concept
pages. The tree structure will help us extract all pages related to that specific
topic that appears in the root of the tree. For clustering analysis, Weka3, an
open source data mining tool was used. In addition, ORA4, a social network
analysis tool, was utilized for identifying representatives of expert communities.
ORA calculates the eigenvector centrality of all members of a community and
the member with the highest eigenvalue is reported as the representative of that
community.

1 http://www.kdd.org/kdd2010
2 http://www.informatik.uni-trier.de/∼ley/db/
3 http://www.cs.waikato.ac.nz/ml/weka/
4 http://www.casos.cs.cmu.edu/projects/ora/
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Fig. 2. Results of homogeneity and separateness for different clustering solutions

4.1 Clustering Experiments

In the community detection phase, two criteria are used to find the best cluster-
ing solution: homogeneity and separation. Indeed, the semantic-based similarities
(relationships) between researchers in the social network are treated as features
to describe corresponding nodes. The k-means algorithm clusters social network
nodes in different groups based on values of these features. We examine various
clustering solutions, generated by the algorithm using different values of k in the
range of 10 to 40. Then we choose a clustering solution which is an acceptable
trade off between maximizing homogeneity and minimizing separation as the
best solution among others. The range of k is chosen based on the number of
researchers as well as the number of information items such that the average
number of researchers in each cluster varies in a reasonable range. In our exper-
iment, the best clustering solution for the expert social network is the solution
with 12 clusters. In Figure 2, the number of clusters for different clustering so-
lutions is plotted on the horizontal axis against the values of homogeneity and
separateness on vertical axes.

4.2 Recommendation Experiments

We have conducted two sets of experiments in order to investigate the per-
formance accuracy of the recommendation system with and without the social
network component. When the social network is not used, recommendations
are made based on the similarity between researchers’ profile and information
items. In the other words, the importance of individuals in their community is
neglected. In the second set of experiments, the system utilizes the social net-
work of experts through the process. Recommendations are made based on the
similarity between communities’ representatives and information items. In this
approach, the most appropriate experts are selected from a community whose
representative has more expertise and knowledge about the requested item based
on his/her profile information. In both approaches, if more than one expert is
required, the system automatically suggests the second most relevant expert.

To measure the accuracy of our system, a set of 23 researchers is chosen
to form a test set. Then, a questionnaire, for each researcher in the test set, is
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designed to discover preferred information items that a researcher is interested in.
The questionnaires would contain 15 items from relevant to irrelevant. Question-
naires designed for different researchers were different from each other because
we prepared them based on recommended items by our system to researchers.
Researchers were asked to score information items based on their relevancy to re-
searchers’ interests. To evaluate the accuracy of the recommended items, a metric
called precision at n or P@n was used. This precision is defined as the fraction
of retrieved instances that are relevant. Precision takes all retrieved items into
account, but it can also be evaluated at a given cut-off rank, considering only the
topmost results returned by the system. We consider k-top most relevant items
that the system recommends to researchers and investigate how many of them
are actually relevant considering the researchers real interests given in the ques-
tionnaire. In using of P@n, we set n to 1, 3 and 5. For example, P@1 indicates
the percentage of researchers who are recommended relevant information when
only one information item is considered. The same method is applied to eval-
uate the accuracy of the prediction when information items are recommended
to members of communities whose representatives have expertise and knowledge
relevant to information items for which we are looking for experts.

Figure 3.(a) demonstrates the precision values achieved when the above ex-
periments were conducted. A P@1 value of 82.6%, appeared in the first column
of the Table shown in Figure 3.(a) indicates that 19 out of 23 researchers in the
test set, are recommended with relevant information item when only one infor-
mation item is considered. In addition, the P@1 value of 83.4%, shown in the
second column of the table, means that the first recommended information item
to 83.4% of representatives are relevant. In other words, 10 out of 12 (12 is the
number of communities achieved in the precious experiment) representatives are
recommended with relevant item when only one information item is considered.

As described earlier, the proposed recommendation system helps users, who
are looking for the most appropriate expert in a specific domain, choose repre-
sentative member of each community to fulfill their information needs. In fact, a
representative member can represent the knowledge and expertise of all members
within the same community better than any other member in his/her commu-
nity since his/her similarity to mate elements is the highest among all other
mates. Thus, whenever a user searches for an expert who has relevant expertise
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to a specific information domain, a reliable choice is to trust to a community
representative who is recommended by the system. In addition, if more than one
expert is needed, other community members can be recommended according to
their importance indicated by eigenvector centrality measure; community mem-
bers with higher eigenvector centrality are more reliable in that specific domain.
Figure 3.(b) summarizes the performance results shown in the result Table in
Figure 3.(a). As can be seen, the performance of recommendations with the
social network component slightly outperforms the performance of recommen-
dation system without the social network component. Indeed, considering three
types of precisions that were calculated in each experiment, only P@3 value for
recommendation system without the social network component is higher than its
corresponding value in the second experiment. Therefore, based on the compar-
ison made between the results, the use of social network seems to be reasonable
in that it improves the prediction accuracy of the recommendation model.

5 Conclusion

We presented a hybrid expert recommendation system which is indeed a social
network-based collaborative strategy that it also maintains the content-based
profiles for each expert. These content-based profiles, once enriched with the
semantic knowledge, are used to calculate the similarity between pairs of experts.
Our system captures the social structure of the experts’ relations by constructing
a social network and utilizes the social characteristics of individuals while making
recommendation. The proposed system employs a clustering analysis approach
to discover expert communities. Representatives are identified by their centrality
measures within their communities. Recommendations are made based on the
relevancy of an information item, for which a user is looking for experts, to the
knowledge carried by representatives of groups. The proposed framework was
tested in a typical application domain with a real data set. Experimental results
show that in the presence of the social network component, recommendations
made by our system on average have higher accuracy than the recommendation
predictions when the system neglects the social structure of individuals.
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Abstract. This paper focuses on the general problem of coordinating
multiple robots. More specifically, it addresses the self-election of hetero-
geneous specialized tasks by autonomous robots. In this paper we focus
on a specifically distributed or decentralized approach as we are partic-
ularly interested on decentralized solution where the robots themselves
autonomously and in an individual manner, are responsible of selecting
a particular task so that all the existing tasks are optimally distributed
and executed. In this regard, we have established an experimental sce-
nario to solve the corresponding multi-tasks distribution problem and
we propose a solution using two different approaches by applying Ant
Colony Optimization-based deterministic algorithms as well as Learning
Automata-based probabilistic algorithms. We have evaluated the robust-
ness of the algorithm, perturbing the number of pending loads to simulate
the robot’s error in estimating the real number of pending tasks and also
the dynamic generation of loads through time. The paper ends with a
critical discussion of experimental results.

Keywords: Multi-robot Systems, Stochastic Learning Automata, Ant
Colony Optimization, Multi-tasks Distribution, Self-Coordination of Mul-
tiple Robots, Reinforcement Learning, Multi-Heterogeneous Specialized
Tasks Distribution.

1 Introduction

In multi-robots systems, optimal task/job allocation or assignment is an active
research problem [1], in which several central or global allocation methods have
been proposed [2,3]. Some authors have also introduced decentralized or au-
tonomous solutions, in particular inspired in the social labor division observed
in some species of social insects [4,5].

In this work we take a specifically distributed or decentralized approach as we
are particularly interested in experimenting with truly autonomous and decen-
tralized techniques in which the robots themselves are responsible of choosing a

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 103–114, 2012.
c© Springer-Verlag Berlin Heidelberg 2012



104 J. de Lope, D. Maravall, and Y. Quiñonez

particular task in an autonomous and individual manner. Under this approach
we can speak of multitasks selection instead of multitasks allocation, as the
agents or robots select the tasks instead of being assigned a task by a central
controller.

We have already experimented with two different techniques. First, we applied
the well-known threshold models inspired in the labor division of social insects
[6]. Second, we employed stochastic reinforcement learning algorithms based on
Learning Automata theory [7]. In this paper we also employ stochastic reinforce-
ment learning algorithms as well as ants colony optimization-based deterministic
algorithms as explained in the sequel.

Summarizing, this work focuses on the general problem of coordinating mul-
tiple robots, we propose a solution using two different approaches by applying
Ant Colony Optimization-based deterministic algorithms as well as Learning
Automata-based probabilistic algorithms to solve the corresponding multi-tasks
distribution problem. We have considered several experiments to evaluate the
system performance index for both approaches, and the results obtained are
shown in article. This paper is structured as follows: section 2 describes the for-
mal description of the problem and experimental scenario. Section 3 presents a
brief introduction, basic definitions and stochastic reinforcement algoritms about
learning automata methods. Section 4 briefly describes ant colony optimization
methods. Section 5 describes experimental results of the evaluation of perfor-
mance index, the conclusions and further work are presented at Section 6.

2 Formal Definitions

2.1 Formal Description of the Problem

The optimal multi-task allocation problem in multi-robot systems can be for-
mally defined as follows: “Given a robot team formed by N heterogeneous
robots, and given K different types of heterogeneous specialized tasks or equiva-
lently, given K different robots roles or robots jobs and given a particular time-
dependent load or number of tasks to be executed L = {l1(t), l2(t), ..., lK(t)}
obtain an optimal distribution of the K tasks among the N robots in such a way
that the robots themselves, autonomously and in an individual manner, select a
particular task such that all the existing tasks are optimally executed”.

Let L = {l1(t), l2(t), ..., lK(t)} be the different specialized tasks. Each lj ∈ L
has a number of j sub-tasks or pending loads. Let R = {r1, r2, ..., rN} be the set
of N heterogeneous mobile robots. To solve the problem, we have supposed that
all members R = {r1, r2, ...rN} are able to participate in any sub-task lj .

2.2 Experimental Scenario

We have established the following experimental scenario (Fig. 1) in order to
analyze a particular strategy or solution for the coordination of multi-robot
systems as regards the optimal distribution of the existing tasks. Given a set of
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N heterogeneous mobile robots in a region, achieving an optimal distribution for
different types of tasks. The set of N robots will form sub-teams for each type
of task lj . The sub-teams are dynamic over time, i.e. the same robots will not
be always part of the same sub-team, but the components of each sub-team can
vary depending on the situation.

Fig. 1. Experimental scenario

Most of the proposed solutions in the technical literature are of a centralized
nature, in the sense that an external controller is in charge of distributing the
tasks among the robots by means of conventional optimization methods and
based on global information about the system state [8]. However, we are mainly
interested on truly decentralized solutions in which the robots themselves, au-
tonomously and in an individual and local manner, select a particular task so
that all the tasks are optimally distributed and executed. In this regard, we have
experimented with stochastic reinforcement learning algorithms based on Learn-
ing Automata theory to tackle this hard self-coordination problem as described
in the sequel.

3 Learning Automata Methods

3.1 A Brief Introduction

Learning automata have made a significant impact and have attracted a consid-
erable interest in last years [9]. The first researches on learning automata models
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were developed in Mathematical Psychology, that describe the use of stochas-
tic automata with updating of action probabilities which results in reduction in
the number of states in comparison with deterministic automata. They can be
applied to a broad range of modeling and control problems, control of manufac-
turing plants, pattern recognition, path planning for manipulator, among other.
An important point to note is that the decisions must be made with very little
knowledge concerning of the environment, to guarantee robust behavior without
the complete knowledge of the system. In a purely mathematical context, the
goal of a learning system is the optimization of a function not known explicitly
[10].

Learning is defined as any permanent change in behavior as a result of past
experience, and an automata is a machine or control mechanism designed to au-
tomatically follow a predetermined sequence of operations or respond to encoded
instructions [11]. The objective of stochastic learning automata is to determine
how the choice of the action at any stage should be guided by past actions and
responses, so when a specific action is performed the environment provides a
random response which is either favorable or unfavorable [12].

3.2 Basic Definitions

A learning automaton is a sextuple < x,Q, u,P (t), G,R >, where x is the finite
set of inputs, Q = {q1, q2, . . . , qm} is a finite set of internal states, u is the set of
outputs, P (t) = {p1(t), p2(t), . . . , pm(t)} is the state probability vector at time
instant t, G : Q→ u is the output function (normally considered as deterministic
and one-one), and R is an algorithm called the reinforcement scheme, which
generates P (t+ 1) from P (t) and the particular input at a discrete instant t.

The automaton operates in a random environment and chooses its current
state according to the input received from the environment. The new state prob-
abilities distribution P (t + 1) reflects the information obtained from the envi-
ronment. The random environment has a set of inputs u and its set of outputs is
frequently binary {0, 1}, with ‘0’ corresponding to the reward response and ‘1’
to the penalty response. If the input to the environment is ui the environment
produces a penalty response with probability ci.

Fig. 2 shows the feedback configuration of a learning automaton operating in
a random environment. At each instant t the environment evaluates the action
of the automaton by either a penalty ‘1’ or reward ‘0’. The performance of the
automaton’s behaviors is the average penalty

I(t) =
1

m

m∑
i=1

pi(t)ci (1)

which must be minimized. In order to minimize the expectation of penalty (1),
the reinforcement scheme modifies the state probability vector P . The basic
idea is to increase pi if state qi generates a reward and to decrease pi when the
same state has produced a penalty. A great number of reinforcement schemes for
minimizing the expected value of penalty have been studied and compared. One
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of the most serious difficulties that arise in learning automata is the dichotomy
between learning speed and accuracy. If the speed of convergence is increased in
any particular reinforcement scheme, this action is almost invariably accompa-
nied by an increase of convergence to the undesired state [13,14].

Fig. 2. Interaction of learning automaton with random environment

3.3 Stochastic Reinforcement Algorithms in Learning Automata
Theory

In the technical literature a widely used stochastic reinforcement algorithms is
LR−I , which stands for Linear Reward-Inaction algorithm.

Let us suppose that the action chosen by the automaton at instant t is φi, for
the LR−I the updating of the action probabilities is as follows:

pi(t+ 1) = pi(t) + λβ(t) [1− pi(t)] (2)

pj(t+ 1) = pj(t)− λβ(t)pj(t) ∀j 
= i, 1 ≤ j ≤ N (3)

where 0 < λ < 1 is the learning rate and β(t) is the environment’s response:
β = 1 (favorable response or reward) or β = 0 (unfavorable response or penalty
in which case the algorithm do not change the probability, i.e. inaction).

Let’s suppose that there areK different specialized tasks, then we designate by
pij(t), the probability at instant t that robot ri selects task lj these probabilities
hold:

0 ≤ pij(t) ≤ 1;

N∑
i=1

pij(t) = 1; i = 1, 2, ..., N robots; j = 1, 2, . . . ,K tasks (4)
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Initially, without previous robot’s experience these probabilities are initialized
at the “indifference” position as follow:

pij(0) =
1

K
for i = 1, 2, ..., N robots and j = 1, 2, . . . ,K tasks (5)

Afterwards it starts the learning process in which each robot updates its election
probabilities according to the following conventional updating rule:

pij(t+ 1) = pij(t) + λβ(t) [1− pij(t)] (6)

where 0 < λ < 1 is the learning rate with a fixed value of 0.2; β(t) is the usual
reward signal generated by the environment of the learning automata with the
following interpretation: β(t) = 1; reward if and only if for the corresponding
task lj at instant t it holds that #Rj(t) ≤ #Lj(t), i.e. the number of robots
performing task lj is lower than the number of tasks lj to be executed; β(t) = 0;
penalty if and only if #Rj(t) > #Lj(t); i.e. when the number of robots per-
forming task lj is greater than the number of tasks lj or whenever there are
not pending tasks to be executed the automata receives a penalty signal. In
few words: at each instant t the environment evaluates the action of the au-
tomata, when the response generated by environment is 1 means that the action
is “favorable” and if the response value is 0 corresponds to an “unfavorable” as
follow:

βLj (t) =
#Rj

#Lj
=

{
If ≤ 1 then reward β = 1
If > 1 then penalty β = 0

(7)

4 Ant Colony Optimization Methods

For over many years, communities or colonies of social insects have been deeply
studied by some researchers, as they provide fascinating examples of functional
collective behavior. Ant Colony Optimization (ACO) is a meta-heuristic ap-
proach that was introduced in the early 1990’s by Dorigo et al. in [15,16]. The
general idea of ACO approach is to solve combinatorial optimization problems
based by the behavior of real ants, more specifically, the inspiring source is how
ants can find shortest paths between food sources their nest. ACO algorithms
are stochastic search procedures based on a parameterized probabilistic model
[17], called by the authors “the pheromone model”.

In this case, a generic robot ri selects the tasks in a deterministic way based
on “forces” fij(t). These forces are updated, after being initialized at the “indif-
ference” position, as follows:

fij(t+ 1) = ρfij(t) + (1− ρ)β(t); 0 ≤ ρ ≤ 1 (8)

where ρ is the usual learning rate of ant colony optimization-like algorithms and
β(t) is the reward/penalty signal at instant t with the same exact interpretation
than for the learning automata-based probabilistic algorithms.
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5 Experimental Results

We have carried out a series of experiments to evaluate the system performance
index by applying Ant Colony Optimization-based deterministic algorithms as
well as Learning Automata-based probabilistic algorithms to solve the optimal
distribution of the tasks among the N robots; so that all of them are executed
by means of the minimum number of robots. The ideal objective is that the
performance index or learning curve corresponding to the load lj(t) of each task
tend asymptotically to zero for all curves in the minimum time and using the
minimal possible number of robots for task execution.

In the simulations we have considered some variants such as: the multi-robot
system size, different loads lj(t) for each type of task, two different ways to carry
out the tasks selection, the additive noise generation to simulate the robot’s er-
ror and the dynamic generation of tasks lj(t) over time. According to the results
obtained with eq. 6 and eq. 8 we have used for the learning automata-based
probabilistic algorithms and for ant colony optimization-based deterministic al-
gorithms two mechanisms for the selection of tasks:

1. Maximum principle: at each instant t choose the task that has the highest
probability for all pij(t).

2. The strictly random method: using the probabilities pij(t) in the strict sense
of the word, it generates a random number with uniform distribution (0− 1)
and it selects the appropriate task to the value obtained by the method of
inversion of discrete probability distributions.

Table 1. Shows a scheme of the experiments performed with their respective variants

Without Noise With Noise���������Approaches

Mechanisms Maximum
principle

Strictly random
method

Maximum
principle

Strictly random
method

Not
dynamic
task

Ant Colony Fig.4(a) Fig.4(b)
Optimization
Learning Automata Fig.5(a) Fig.5(b)

Dynamic
task

Ant Colony Fig.6(a) Fig.6(b)
Optimization
Learning Automata Fig.7(a) Fig.7(b)

5.1 Evaluation of the Performance Index

To evaluate the evolution of the performance index we have introduced additive
noise, perturbing the number of pending loads to simulate the robot’s error in
estimating the real number of pending tasks. The noise generated is modeled
using a normal distribution (“White Noise”) as follows:

Noise = R+R ∗ S = R(1 + S) (9)
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where Noise is the noise generated to the number of pending loads li(t), which is
proportional to the amplitude of the noise R without perturbing, S is a Gaussian
distribution with a mean of ‘0’ and a typical deviation ‘0.005’ N(0, 0.005).

Fig. 3 and Fig. 4 show the evolution of the system performance index ob-
tained for self-election of heterogeneous specialized tasks through ant colony
optimization-based deterministic algorithm as well as learning automata-based
probabilistic algorithms, using both mechanisms: maximum principle and the
strictly random method, with a team of robots formed by 20 – 30 heterogeneous
robots and 4 types of heterogeneous specialized tasks with different loads. Each
experiment has been run 10 times and the results shown are the mean of all.

(a) (b)

Fig. 3. Learning curves with the evolution of the system performance index for self-
election of tasks using Ant Colony Optimization-based deterministic algorithms

Fig. 3(a) shows the performance index without noise for both mechanisms,
it can be observed that the maximum principle provides better performance
instead of strictly random method. However, Fig. 3(b) shows the performance
index perturbing the number of pending loads and for both mechanisms the
performance is better because they finish in fewer time than in Fig. 3(a). In this
case, the best results are obtained with strictly random method instead of the
maximum principle.

Fig. 4(a) shows the performance index without noise for both mechanisms
and Fig. 4(b) presents the performance index generating additive noise in the
number of pending tasks. It can be noted that Fig. 4(b) obtains better results
for both mechanisms than Fig 4(a) using Learning Automata-based probabilistic
algorithms. It can be observed that learning curves corresponding to the load
lj(t) of each task tend asymptotically to zero for both methods. Also the results
shown that the generation of additive noise does not affect the performance of
the approach, on the contrary, in some cases better results are obtained with the
generation of noise.
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(a) (b)

Fig. 4. Learning curves with the evolution of the system performance index for self-
election of tasks using Learning Automata-based probabilistic algorithms

5.2 Dynamic Tasks Generation

In the previous experiments, the number of loads for each type of task is deter-
mined from the beginning of the simulation and there is not any change until
the end of the execution. To evaluate the performance of the algorithm we have
generated dynamic tasks. This idea was rescued from classical models of queues
simulation, so we have used Poisson distribution to determine the probability of
generating a number of tasks through time:

f(k;λ) =
eλλk

k!
(10)

Specifically we will have a different distribution for k = 1 to 100. Each λ is
a positive real number that representing the number of tasks expected to be
generated during a time interval. For that expected number of tasks generated
is decreasing, and therefore the system is stable, we have parameterized this
constant λ as follows:

λ(t) = σ − α ∗ t (11)

where σ is the initial value (for example, 10 or 20) and α is a factor of “reduction
tasks” that initially we have defined to 1. Finally, t corresponds the time of
execution at each instant.

Fig. 5 and Fig. 6 show the evolution of the system performance index with
dynamic tasks generation through time using the Poisson distribution. Experi-
ments have been performed 10 times and the results shown are the mean of all,
we have also additive noise generated in the loads with the maximum princi-
ple and the strictly random method. In the results it can be observed dynamic
tasks generation, the tasks number generated is decreasing over time. All learn-
ing curves tend to zero in both methods and not affected the performance of
the approach with the generation of additive noise, sometimes there are better
results with noise.
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(a) (b)

Fig. 5. Dynamic task generation: learning curves with the evolution of the system
performance index using Ant Colony Optimization-based deterministic algorithms

(a) (b)

Fig. 6. Dynamic task generation: learning curves with the evolution of the system
performance index using Learning Automata-based probabilistic algorithms

Fig. 7. The index k represents the number of tasks expected to be generated during a
time interval for different values of λ and P (X = k) describes the probability that a
value of variable X with a given probability distribution is equal to k
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Fig. 7 shows the probability mass function and the cumulative distribution
function obtained in experiments with dynamic task generation using the Poisson
distribution.

6 Conclusions and Further Work

In this paper we have applied two different approaches to the self-coordination
problem of multi-robot systems in the heterogeneous multi-tasks distribution
by applying Ant Colony Optimization-based deterministic algorithms as well as
Learning Automata-based probabilistic algorithms. To carry out the selection
of tasks in both approaches we used two mechanisms: maximum principle and
the strictly random method and, in most experiments the best results are ob-
tained with strictly random method instead of the maximum principle. We have
generated additive noise to evaluate the robustness to both approaches, perturb-
ing the number of pending load, to simulate the robot’s error in estimating the
real number of pending tasks, according to the results obtained the noise gen-
erated does not affect the performance of the approaches since the best result
are obtained by generating noise in the pending loads. We have also studied
the performance index with dynamic generation of loads through time and the
results confirm that the robots are capable to select in an autonomous and in-
dividual manner the existing tasks without the intervention of any global and
central tasks scheduler. We have shown that both approaches can be efficiently
applied to solve this self-coordination problem in multi-robot systems obtaining
truly decentralized solutions.
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Abstract. The following paper proposes a novel procedure for liveness 
verification in video authentication systems. Decision on granting or denying 
access to the system is based on visual information only. System prompts 
random sequences of predefined syllables in which isolated visems are to be 
recognized. Features that represent outer lip contour are extracted on the basis 
of dynamic programming and B-spline approximation. Experiments for Polish 
language utterances show that seven classes of visems can be recognized with 
76% of efficiency. Average false acceptance rate for liveness does not exceeds 
9% and false rejection rate 7%. 

Keywords: liveness verification, lip contour extraction, video authentication 
system.  

1 Introduction 

Liveness verification is a fundamental and challenging problem in video 
authentication systems, which need not only to ensure reliable recognition but also 
protect against possible spoofing attacks. In majority of cases there is no possibility to 
ensure supervised authentication process. Therefore, biometric data presented to a 
system have to be examined whether it is captured from a physically present person as 
opposed to prerecorded videos or still face images. Although, there have been much 
publications regarding liveness verification in bimodal audio-video system [1,2,3], 
liveness aspects in visual only systems are greatly limited [4]. In majority of 
published research only a need of such procedures is highlighted [5,6].  

In this paper a lipreading procedure for liveness verification is proposed. Decision 
on liveness is made on the basis of visual recognition of isolated visems in syllable 
sequences randomly prompted by the system. A set of 21 syllables of Polish language, 
representing seven visems has been selected for the purpose of liveness verification. 
Also, a novel approach for lip feature extraction was presented. Visems are modeled 
by coordinates of control points of B-splines that approximate outer lip contours, 
extracted using dynamic programming technique. Experiments show good 
performance of the proposed solution. 
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2 State of the Art 

A fundamental task in visual authentication field is to find a suitable representation 
for speech-related features. By analyzing shape and motion of visible articulators of a 
speaker - such as lips, tongue or teeth, speech reading can become possible. There 
have been many studies in this area so far.  

Firstly, lip texture information can be exploited for this purpose (this is a widely 
used ‘low-level pixel-based’ approach). In [7,8] principal component analysis has 
been applied to raw lip intensity images to reduce its dimensionality, and the reduced 
vector has been used as a visual feature descriptor. In [9] discrete cosine transform 
(DCT) coefficients of gray-scale lip images have been adopted for visem 
representation. Unfortunately, lip textural features are sensitive to illumination 
mismatches that typically exist between the training and test data sets. 

The second direction in research is based on lip geometry modeling (high-level lip 
contour based approach). It usually requires lip contour extraction and contour fitting 
methods, followed by computation of a variety of features such as contour perimeter, 
lip area or horizontal/vertical openings. The relevant methods typically apply 
deformable templates [10,11], active shape models (ASM) [12,13,14], and snakes 
[15]. For example, snakes allow to parameterize a closed contour. Deformable 
templates use simpler parameterized models, such as modeling the outer contour of 
the mouth by two intersecting parabola segments. More complex models can also be 
built. For example, the mouth-open template given in [16] consists of five parabolic 
segments.  

Most of the practical techniques utilize a combination of lip texture and geometric 
lip shape features. For example, in [17], the lip feature vector is formed by 
concatenating the Karhunen Loeve transform (KLT) coefficients of the inner-outer lip 
contour points with texture information embedded in eigenlip  images (an analog to 
eigenfaces). Similarly, in [18] snake is used to extract visual features of geometric 
space and KLT to extract principal components in the color eigenspace. Hybridization 
of different intelligent techniques frequently lets to build an efficient solution to deal 
with drawbacks of individual techniques [19].  

Finally, explicit lip motion information can also be used for speech-reading. In [20] 
gradient vector flow (GVF) snakes are applied to extract outer lip contours. Then lip 
movements are calculated at several (ten) predefined points and the resulting feature 
dimensionality is reduced by PCA.  

3 Proposed Solution 

Proposed liveness verification system structure is shown in Fig. 1. It consists of four 
processing stages. Firstly, a random sequence of predefined syllables, containing set 
of appropriately selected visems, is prompted by the system. Video frames 
corresponding to every syllable are stored separately (I). Then for every frame lip 
region is found, outer lip contour is extracted and appropriate feature vector is built 
(II). In (III) classification is made. For every frame one of possible visems is assigned 
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using Ada Boost algorithm [21]. Finally, decision on liveness is made (IV) . For each 
syllable, it is checked if in a set of frames corresponding to this syllable, some 
expected visem was identified. If some minimum correct visem identification rate in 
syllable sequence is achieved, liveness verification test is successfully passed.    

 

Fig. 1. The proposed visual liveness verification system components 

To increase reliability of the system it is vital to use visems that correspond to 
phones articulated with a strong contribution of lips.  

3.1 Lip Contour extraction 

The flowchart of lip contour extraction procedure is presented in Fig. 2. Firstly, in 
order to roughly estimate lip region and to find lip key points the initial preprocessing 
is done (I). The Haar classifier [22] is applied to determine face position in each video 
frame. Lip area is estimated on the basis of typical human face proportions as a region 
between 30-70% of face width and 60-90% of face height (a). The identified mouth 
region is subject to further analysis.  

Lip key points (left and right lip corners and uppermost and lowermost points of 
lips) are searched for in a modified LAB color space. Contrast enhancement between 
lip and skin colors is achieved by subtracting the channel ‘A’ from the channel ‘B’ (b) 
as proposed in [23]. Then, the resultant image is thresholded using Otsu method [24] 
(c). Because different skin artifacts such as hyperpigmentation or spots can cause 
errors, blob detection is applied and the biggest region is left as belonging to mouth 
(d). Finally, the resultant binary image is scanned for terminal lip points (e).     

The outer lip contour is extracted using dynamic programming. Dynamic 
programming enables to solve complex optimization problems by breaking them 
down into smaller subproblems and searching for optimal subsolutions. Because, lip 
contour extraction can be viewed as a search for an optimal path (in the sense of a 
cost) between two vertices in a 2D graph, dynamic programming approach can be 
applied to this task. This requires defining a cost function, transition rules and the 
corresponding 2D graph.  
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Fig. 2. The lip contour extraction procedure 

The cost function to be minimized through dynamic programming is defined as: 
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where: ck
opt – is the optimal cost of reaching a node k, ck-1

opt – the optimal cost of 
reaching a node k-1, d[(ik-1, jk-1)→(ik,jk)] – is a cost of transition from node k-1 to node 
k.  

The transition cost consists of two components – a cost associated with branches of 
2D graph structure and a cost of visiting a node. In the proposed solution the first 
component is not considered. Hence, the total cost of transition reduces to a node-
visiting cost, which is defined as a value of a pixel of a modified gradient map (f). 
This map is created by inverting gradients and by masking-out regions with strong 
teeth-contours (g).    

Although the outer lip contour, extracted separately for every quarter of lips using 
dynamic programming, is optimal in the sense of Bellman theory [25], it is not 
smooth. Therefore the final lip contour is obtained by B-spline approximation [26] of 
the dynamic programming results. Upper and lower lip contours are approximated 
separately. Experiments have shown that the best results can be achieved by modeling 
upper lip contour with 7 control points and the lower one with 4 control points. The 
3rd order B-splines were used. 

3.2 Building Feature Descriptor 

Coordinates of B-spline control points that model lip shape represent initial feature 
descriptor. In the proposed procedure it consist of 22 elements. To remove  
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information redundancy and to reduce descriptor dimensionality, the Supervised 
Principle Component Analysis (S-PCA) is performed [27]. Contrary to the standard 
Principle Component Analysis (PCA) it lets to eliminate impact of within class scatter 
by involving a-priori knowledge on class affinity. 

A matrix containing initial feature vectors for N observation is an input for S-PCA 
procedure. Firstly, standard PCA analysis is done for all samples.  As a result 
eigenvectors E = [e0, e1, …, eN-1] and corresponding eigenvalues L = [l0, l1, …, lN-1] 
are calculated. Next, the standard PCA analysis is repeated for all considered visems 
separately. Contrary to the first step, where directions of the largest scatter for all 
visems are found, this step lets to identify directions of the highest within-class 
variability. Denoting Ek = [ek

0, e
k
1, …, ek

N-1] and Lk = [lk
0, l

k
1, …, lk

N-1] as eigenvectors 
and eigenvalues for a class k, correction weight of within-class scatter can be 
calculated as follows: 
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where: K– number of all classes, N – number of eigenvectors, lj
k – i-th eigenvalue for 

class k, ej
k – i-th eigenvector for class k. 

These coefficients represent cumulative within-class variation in a direction of 
principal components found for all samples. By modifying original eigenvalues  L 
according to: 
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the new feature space, built from directions featuring the highest between-class scatter 
only, is found, where: lj

’ – i-th corrected eigenvalue, lj – i-th eigenvalue calculated for 
all observations, wj – i-th correction coefficient.  

The presented procedure lets to reduce the feature vector to 9-10 elements 
(depends on a speaker) while preserving 90% of information associated with input 
data. 

3.3 Liveness Verification 

In the proposed method, an average visem identification rate (probabilities of 
false/correct assignment) for an individual speaker is used for defining liveness 
detection threshold. Given a probability estimate of visem correct assignment pv, the 
probability of false assignment pv’ for a visem v is defined as: 

 )1(' vv pp −=  (4) 

An overall false assignment rate p’ for a visem sequence will be then:  

 ∏
=

=
M

i
vpp

1

''  (5) 

where: M – total number of prompted visems.  
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The false assignment rate can be used as liveness pseudo score. The system knows 
what visems should be identified, as they are prompted. Consequently, the incorrect 
visem-identification rate in random syllable sequence can be measured. Finally, the 
liveness scores S can be calculated as: 
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where: E – is some assumed maximum classification error. 
The higher classification error for an individual visem r’v, the less its erroneous 

identification affects overall sequence recognition. Additionally, in order to avoid 
random acceptance in case of prompting the same syllable as replayed accidently, 
additional restriction is imposed. Number of correctly recognized visems must be at 
least a half of the sequence length. The final liveness decision T is defined as: 
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where, le – number of incorrectly recognized visems, L – sequence length. 
In the proposed approach, the prompted syllable is classified as correctly identified 

if expected visem is recognized at least twice in a syllable frame set. 
The minimum length of the sentence results from the assumption, that 

classification error for a whole sentence should not be greater than E. For example, if 
average classification error equals 0.5, sequence of at least 7 syllables should be 
generated. Increasing a length of a sentence of appropriately selected recognized 
phonemes to be uttered exponentially increases correct sequence verification.   

4 Experimental Evaluation 

For experimental purposes an audio-visual database was recorded. Resolution of 
images was 960x720. Speakers were prompted to repeat 100 randomly generated 
sequences of syllables (10 syllables per sentence). Each syllable contains at least one 
out of seven visems selected as a basis for verification (these were: ‘A’, ‘M’, ‘U’, ‘O’, 
‘W’, ‘S’, ‘SZ’). All recordings were manually labeled. 

To validate the proposed approach two tests were performed. Firstly, the prepared 
database was used for identifying visems in single images. For classification purposes 
Ada Boost method was used (training set contains ca. 600 samples). Results for three 
speakers are presented in tables 1-4 and in figure 3. Average classification rate was 
72.9% for speaker A, 80.8% for speaker B and 74% for speaker C.   
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Table 1. Isolated visem recognition results for three speakers (2nd and 3rd column for speaker 
A, 4th and 5th for speaker B and 6th and 7th for speaker C) 

Visem Train/Test  
Samples 

Efficiency 
[%] 

Train/Test  
Samples 

Efficiency 
[%] 

Train/Test  
Samples 

Efficiency 
[%] 

A 90/247 36.4 311/420 74.0 221/278 79.5 
M 420/477 88.1 439529 83.0 235/275 85.5 
O 131/343 38.2 308/397 77.6 94/145 64.8 
S 125/193 64.8 169/252 67.1 44/90 48.9 
U 611/619 98.7 406/493 82.4 304/328 92.7 
W 144/210 68.6 245/297 82.5 57/149 38.3 
SZ 251/339 74.0 425/460 92.4 83/135 61.5 

 

Fig. 3. Results for outer lip contour extraction for recognized visems (from left: 
‘O’,’W’,’A’,’SZ’,’S’,’M’,’U’) 

Table 2. Confusion matrix for visem identification (Speaker A) 

Visem A M O S U W SZ 

A 0.36 0.00 0.09 0.00 0.00 0.00 0.02 
M 0.01 0.88 0.00 0.09 0.00 0.22 0.01 
O 0.06 0.00 0.38 0.00 0.01 0.00 0.04 
S 0.04 0.00 0.00 0.65 0.00 0.01 0.00 
U 0.02 0.05 0.50 0.00 0.99 0.05 0.19 
W 0.01 0.06 0.00 0.24 0.00 0.69 0.00 
SZ 0.49 0.01 0.03 0.03 0.00 0.03 0.74 

The second test was aimed at validation of liveness verification aspects of the 
proposed method. From the defined set of available syllables random sequences were 
generated and prompted. For half of the sequences, correct responses were presented 
to the system and for second half randomly generated ones. False acceptance rate 
(FAR) and false rejection rate (FRR) were calculated. Results are shown in table 5-7. 
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Table 3. Confusion matrix for visem identification (Speaker B) 

Visem A M O S U W SZ 

A 0.74 0.02 0.19 0.02 0.01 0.01 0.02 
M 0.00 0.83 0.00 0.00 0.00 0.00 0.00 
O 0.10 0.00 0.78 0.00 0.14 0.00 0.05 
S 0.03 0.04 0.00 0.67 0.00 0.15 0.00 
U 0.01 0.06 0.02 0.17 0.82 0.00 0.00 
W 0.02 0.05 0.00 0.13 0.03 0.82 0.01 
SZ 0.10 0.00 0.02 0.01 0.00 0.00 0.92 

Table 4. Confusion matrix for visem identification (Speaker C) 

Visem A M O S U W SZ 

A 0.79 0.00 0.23 0.16 0.01 0.00 0.18 
M 0.02 0.85 0.01 0.28 0.03 0.54 0.03 
O 0.08 0.01 0.65 0.00 0.03 0.00 0.09 
S 0.00 0.03 0.00 0.49 0.00 0.06 0.05 
U 0.00 0.02 0.08 0.00 0.93 0.00 0.01 
W 0.01 0.07 0.00 0.02 0.00 0.38 0.02 
SZ 0.09 0.01 0.03 0.06 0.00 0.01 0.61 

Table 5. Liveness  verification results for Speaker A  

Speaker A Rejected/All Accepted/All 

FRR [%] 15.6 7/45 - 
FAR [%] 10.8 - 4/37 

Table 6. Liveness  verification results for Speaker B  

Speaker B Rejected/All Accepted/All 

FRR [%] 0.0 0/42 - 
FAR [%] 7.1 - 3/42 

Table 7. Liveness verification results for Speaker C 

Speaker C Rejected/All Accepted/All 

FRR [%] 4.2 2/48 - 
FAR [%] 10.4 - 5/48 

5 Conclusion 

The lipreading procedure for liveness verification in video authentication systems was 
proposed in the paper. A novel approach of outer lip contour extraction, based on 
dynamic programming was presented and evaluated. Experiments performed for the 
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prepared database confirm reliability of the presented approach for liveness 
verification.   

The main directions of further research will include efforts to improve robustness 
of image preprocessing stage (as poor illumination or skin artifacts can cause 
erroneous lip key point detection and, consequently, erroneous visem classification). 
Simultaneously, attempts will be taken to propose a new way of liveness detection for 
sequences that are built of whole words (although prompting for individual syllables 
has an advantage of better visem articulation, it can be considered as not user-friendly 
– uttering whole words is more natural). 
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Abstract. The control of the helicopter includes nonlinearities, uncertainties 
and external perturbations that should be considered in the design of control 
laws. This paper presents a control strategy for quadrotor helicopter, based on 
the coupling of the fuzzy logic control and sliding mode control (SMC), using a 
nonlinear sliding surface. The main purpose of this work is to eliminate the 
chattering phenomenon. To achieve our purpose we have used a fuzzy logic 
control to generate the hitting control signal, the results of our simulations 
indicate that the control performance of the quadrotor are satisfactory and the 
proposed fuzzy sliding mode control (FSMC) can achieve favorable tracking 
performance. 

Keywords: Sliding mode, Fuzzy Logic, Fuzzy Sliding Mode Control, 
quadrotor, Dynamic modeling.  

1 Introduction 

Autonomous Unmanned Air vehicles (UAV) are increasingly popular platforms, due 
to their use in military applications, traffic surveillance, environment exploration, 
structure inspection, mapping and aerial cinematography, in which risks to pilots are 
often high. Rotorcraft has an evident advantage over fixed-wing aircraft for various 
applications because of their vertical landing/take-off capability and payload. Among 
the rotorcraft, quadrotor helicopters can usually afford a larger payload than 
conventional helicopters due its four rotors. Moreover, small quadrotor helicopters 
possess a great maneuverability and are potentially simpler to manufacture. For these 
advantages, quadrotor helicopters have received much interest in UAV research [1].  

The quadrotor is an underactuated system with six outputs and four inputs, and the 
states are highly coupled, Many efforts have been made to control quadrotor 
helicopter and some strategies have been developed to solve the path following 
problems for this type of system, First of this works the quadrotor has been controlled 
in 3 DOF such as the author in [2] take into account the gyroscopic effects and show 
that the classical model independent PD controller can stabilize asymptotically the 
attitude of the quadrotor aircraft. Moreover, they used a new Lyapunov function, 
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which leads to an exponentially stabilizing controller based upon the PD2 and the 
compensation of coriolis and gyroscopic torques. While in [3] the authors develop a 
PID controller in order to stabilize altitude.  In [4] a PID controller and a LQ 
controller were proposed to stabilize the attitude. The PID controller showed the 
ability to control the attitude in the presence of minor perturbation and the LQ 
controller provided average results. In [5] the authors the combination of the 
backstepping technique and a nonlinear robust PI controller. The integral action gain 
is nonlinear and based on a switching function that ensures a robust behaviour for the 
overall control law.  In [6] they proposed the Backstepping Fuzzy Logic controller 
(BFL) and Backstepping Least Mean Square controller (BLMS) as new approaches to 
control the attitude stabilization of quadrotor UAV.  And there are many works which 
control the quadrotor in 6 DOF, First of all, several backstepping and feedback 
linearization controllers have been developed. In [7] present the nonlinear control 
techniques applied to an autonomous micro helicopter type Quadrotor using the 
backstepping approach, In [8] presented the Backstepping Approach for Controlling a 
quadrotor Using Lagrange Form Dynamics In addition, two neural networks are 
introduced to estimate the aerodynamic components, one for aerodynamic forces and 
one for aerodynamic moments. In [9] a mixed robust feedback linearization with 
linear ∞GH  controller is applied to a nonlinear quadrotor unmanned aerial vehicle. In 
[10] the control strategy includes feedback linearization coupled with a PD controller 
for the translational subsystem and a backstepping-based PID nonlinear controller for 
the rotational subsystem of the quadrotor. And there is another non linear control 
technique applied to the quadrotor such as in [11] applied a robust adaptive-fuzzy 
control. This controller showed a good performance against sinusoidal wind 
disturbance. In [12] presented the comparison between a based model method and a 
fuzzy inference system to controlling a drone.  

The sliding mode control has been applied extensively to control quadrotors. The 
advantage of this approach is its insensitivity of the model errors, parametric 
uncertainties, ability to globally stabilize the system and other disturbances [13]. In 
[14] author used the sliding mode approach to control a class of underactuated 
systems (quadrotor), In [15] the authors presents a continuous sliding mode control 
method based on feedback linearization applied to a Quadrotor UAV, In [7, 16] These 
papers present a new controller based on backstepping and sliding mode techniques 
for miniature quadrotor helicopter, In [1] presents two types of nonlinear controllers 
for an autonomous quadrotor helicopter. The first type is a feedback linearization 
controller that involves high-order derivative terms and turns out to be quite sensitive 
to sensor noise as well as modelling uncertainty. The second type involves a new 
approach to an adaptive sliding mode controller using input augmentation in order to 
account for the underactuated property of the helicopter. In the literature there are 
many works in the field of hybrid artificial intelligence systems such as [21, 22, 23]. 
Our contribution is based on the combination between the sliding mode and fuzzy 
logic technique (hybrid control low) using the nonlinear sliding surface in order to 
eliminate the charting phenomenon. Then, we present a control technique based on 
the development and the synthesis of a control algorithm based upon sliding mode to 
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ensure the locally asymptotic stability and the desired tracking trajectories expressed 
in terms of the center of mass coordinates along (X, Y, Z) axis and yaw angle, while 
the desired roll and the pitch angles are deduced unlike to [8]. Finally all synthesized 
control laws are highlighted by simulations which gave results considered to be 
satisfactory. 

2 Quadrotors Dynamics Modeling 

A quadrotor helicopter is a highly nonlinear, multivariable, strongly coupled, and 
underactuated system (six degrees of freedom (6 DOF) with only 4 actuators). The 
main forces and moments acting on the quadrotor are produced by propellers. There 
are two propellers in the system rotating in opposite direction to balance the total 
torque of the system. Changing the 2 and 4 propeller’s speed conversely produces roll 
rotation coupled with lateral motion. Pitch rotation and the corresponding lateral 
motion; result from 1 and 3 propeller’s speed conversely modified. Yaw rotation is 
more subtle, as it results from the difference in the counter-torque between each pair 
of propellers. the quadrotor configuration as shown in Fig. 1. 

 
 

 
 
 
 

 

 

 

 

 

Fig. 1. Quadrotor configuration 

The dynamic model presented in [7] includes the gyroscopic effects resulted from 
both the rigid body rotation in space and the four propulsion groups rotation that can 
be represented as: 
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Where 321 ,, UUU and 4U  are the control inputs of the system which are written 

according to the angular velocities of the four rotors as follows: 
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And                                         4321 ωωωω −+−=Ω                           (3) 

And the parameters of the quadrotor used in dynamic modelling are given in Table 1. 

Table 1. Physical parameters of the quadrotor 

Symbol Definition 

zyxI ,,  body inertia 

4,...,1ω  
rotor speed 

φ  roll angle 

θ pitch angle 
ψ  yaw angle 
g Gravitational acceleration   
m  Total weight of the quadrotor  

rJ  rotor inertia 

b thrust factor 
d drag  factor 

3 Rotor Dynamics 

The rotor is a unit constituted by D.C-motor actuating a propeller via a reducer. The 
D.C-motor is governed by the following dynamic equations: 
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The different parameters of the motor are defined such as: 

V : Motor input                          me kk , : Electrical and mechanical torque constant 

     respectively  

rk : Load constant torque               r   :   Motor internal resistance   

rJ : Rotor inertia                            sC : Solid friction  

Then the model chosen for the rotor is as follows  

 2
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4 Control Strategy  

To achieve a robust path following for the quadrotor helicopter, two techniques, capable 
to control the helicopter in presence of sustained external disturbances, parametric 
uncertainties and unmodelled dynamics, are combined. The proposed control strategy is 
based on the decentralized structure of the quadrotor helicopter system, which is 
composed of the dynamic Equation (1). The overall scheme of the control strategy is 
depicted in Fig. 2. The translational motion control is performed in two stages. In the first 
one, the helicopter height, z , is controlled and the total thrust, 1U , is the manipulated 

signal. In the second stage, the reference of pitch and roll angles ( rθ and rφ , 

respectively) are generated through the two virtual inputs xU  and yU , computed to 

follow the desired xy movement. Finally the rotation controller is used to stabilize the 

quadrotor under near quasi-stationary conditions with control inputs 2U , 3U , 4U . 

 
 

 
 
 
 
 
 
 
 

Fig. 2. Quadrotor helicopter control structure 

5 Sliding Mode Control Using Non Linear Sliding Surface  

In this section, the first goal in our topic is to characterize a class of manifold on 
which the control objective is achieved. We recall that the sliding mode control 

objective consist of first designing a suitable manifold ( ) mtx ℜ∈,ψ  defined by 

( ){ }0/ =ℜ∈= xSx nψ , to restrict state trajectories of the plant to this manifolds to 

result in the desired behaviors such as tracking, regulation, and stability then, 
determining a switching control low  ( )txu , , which is able to drive the state trajectory 

to this manifolds and maintain it on this manifolds for all the time that is ( )txu ,  is 

determined such that the selected manifold ( )tx,ψ  is made attractive and invariant. 

Generally in sliding mode control, the switching surfaces are linear functions. Slotine 
and Li [17] gave a form of this sliding manifold which was a Hurwitz polynomial of 
the error and its derivative were up to ( )1−r , where r is the relative degree of the 

output. For SMC using linear elements, the linear switching surfaces often yield a 
satisfactory systems response, in terms of stability and robustness, to the parameter 
variation and disturbances. However, with linear switching surface the speed of 
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transient response is relatively slow [18]. In this paper, the design and analysis of 
SMC with nonlinear switching surface are considered. 

From the fact that the output [ ]TzyxY ψθφ ,,,,,= , where the relative degree is two 

for each subsystem, in order order to obtain static feedback, we define the manifolds 
( )eψ  as follows: 

 ( ) ( ) ( ){ }0/ =Λ+=ℜ∈= eeeSee nψ  (6) 

With dYYe −=   is the tracking error, ( ).Λ  is any given 1C  function whose property 
will be derived below. One has following result. 

5.1 Proposition 1 

Consider the manifolds ( )eψ  in (6) and assume that ( ).Λ  is a continues function such 

that ( ) 0>Λ ee , e∀ ≠0. Then on the manifolds ψ , the output error e  converges at least 
asymptotically to zero.         

  
Proof: Due to the manifolds ψ  we have 

 ( )ee Λ−=  (7) 

Let use the Lyaponov function given by 2

2

1
eV = . Its derivative is then     

 ( )eeV Λ−=  (8) 

In order to make V  negative definite, it is enough that ( ) ,0>Λ ee 0≠∀e . Hence, the 
outout error e is bounded and moreover, it tends asymptotically to zero.  

Hence ψ are suitable manifolds for our control system, since the control objective 

is achieved on it. Let us now design the control low u  that make, ψ attractive and 

invariant.  The function ( ).Λ  is given in (9) and characterized in proposition 1. Then, 

ψ  is globally attractive and invariant.     
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The desired roll and pitch angles in terms of errors between actual and desired speeds 
are, thus, separately given by:  

    ( )ψψφ cossinarcsin yxr UU −=  (10) 
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6 Fuzzy Sliding Mode Controller Design 

The conventional sliding mode controller results in high frequency oscillations in its 
outputs, causing a problem known as chattering. The chattering is undesirable because 
it can excite the high frequency dynamics of the system. To eliminate chattering, a 
continuous fuzzy logic control slidfuzzyu −Δ  is used to approximate the discontinues 

control. The design of the fuzzy controller begins with extending the crisp sliding 
surface S = 0 to the fuzzy sliding surface defined by linguistic expression [18]: 

 zeroiss~                  (12) 

Where s~  is the linguistic variable for S and ZERO is one of its fuzzy sets. In order to 
partition the universe of discourse of S, the following fuzzy sets are introduced. 

 ( ) { } { }51,...,,,,,~
ss FFPBPMZENMNBsT ==   (13) 

where ( )sT ~ is the term set of s~ , and NB, NM, ZR, PM, and PB are labels of fuzzy 
sets, which are negative big, negative medium, zero, positive medium, and positive 
big, respectively. For the control output slidfuzzyu −Δ , its term set and labels of the 

fuzzy sets are defined similarly by 

 ( ) { } { }51,...,,,,,~
uus FFPBPMZENMNBuT ==   (14) 

The membership functions of these fuzzy sets are depicted in Fig. 3. In Fig. 3 (a), r ∈  
[0, 1] is a coefficient to be used to adjust the input centre point, and Φ  is the defined 
boundary layer around the switch surface. 
 

 

Fig. 3. Fuzzy partition of the space around the sliding surface 

 

Fig. 4. Representation of term sets, ( )sT ~
 and ( )suT ~
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From these two term sets, we can build the following fuzzy rules [19]: 
 

R1 : IF s est NB Than slidfuzzyu −Δ  is PB    R2 : IF s est NM Than slidfuzzyu −Δ  is PM 

R3 : IF s est ZE Than slidfuzzyu −Δ   is ZE    R4 : IF s est PM Than slidfuzzyu −Δ  is NM 

R5 : IF s est PB Than slidfuzzyu −Δ   is  NB 

Once the membership functions and fuzzy rules are determined, the final step is the 
defuzzification, which is the procedure to determine a crisp control for slidfuzzyu −Δ . 

There are many defuzzification strategies such as the maximum criterion, the mean of 
maximum, the centre of area, and the weighted average method [18, 19]. We use the 
weighted average method to get the crisp control for slidfuzzyu −Δ . Then 
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Where fiC  is the associated singleton membership function of slidfuzzyu −Δ .  

7 The Proposed Fuzzy Sliding Mode Control of the Quadrotor 

In this section, the objective is to apply the hybrid fuzzy sliding mode control in order 
to solve the problem of chattering phenomenon. 

The control system applied to the quadrotor is given by: 
 slidfuzzyeq uuu −Δ+=  (16) 

With the discontinued control slidfuzzyu −Δ  is calculated by a fuzzy inference system, 

its description is already given in section 6.  

 

Fig. 5. Block diagram of the fuzzy-sliding control system applied to quadrotor 

8 Simulation Results 

This section presents the simulation results of the position control of quadrotor 
helicopter. The simulation results are presented in Fig.6,Fig.7,Fig.8,Fig.9, and Fig.10 
we  can  see  that,  the  controller  ensures  a  good tracking performance,  The control 
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efforts applied to the system are presented in the Fig.8 we remark the elimination of 
chattering problem permits the smoothness of the control law, The propellers speeds 
are given in Fig.9 where we can see their stabilization at the value 200 (radian/sec)  in  
a finite time. Our approach (fuzzy sliding mode using non linear surface) presented 
better results in comparison to another works such as [10, 20]. 
 

 
 

 
 

 
 
 
 
 
 
 
  
 
 
 
 
 

 

Fig. 6. Tracking simulation results of the desired trajectories along yaw angle ( )ψ and the 

( )ZYX ,,  axis using fuzzy Sliding Mode with nonlinear sliding surface 

 

 
 
 
 

Fig. 7. Simulation results of the roll angle ( )φ  and the pitch angle ( )θ  using fuzzy sliding 

mode with nonlinear sliding surface 
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Fig. 8.  Control response of a quadrotor helicopter using fuzzy sliding Mode with nonlinear 
sliding surface 

 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 

Fig. 9. Angular velocities of the four rotors using fuzzy sliding mode with nonlinear sliding 
surface 
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Fig. 10. Global trajectory of the quadrotor in 3D using fuzzy Sliding Mode 

9 Conclusion 

In this work, we addressed the position control problem of the helicopter’s quadrotor 
taking into account the dynamics. A solution based on the fuzzy sliding mode control 
method using non linear sliding surface is proposed. This method is a combination of 
fuzzy logic control and the conventional sliding mode control, called fuzzy sliding 
mode control. This combination forces the real position towards the values required to 
achieve the control objective. Through the simulation results, we can  see that fuzzy 
logic control can be applied to reduce the chattering of the sliding mode control.  
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Abstract. Text categorization is a key task in information retrieval and
natural language processing. Providing a reliability measure of the classi-
fication result for a text document into a particular category can benefit
the recognition rate as well as better inform the user with regard to
the confidence that should be attributed to the output. A novel reliabil-
ity measure is proposed starting from running different binary classifiers
in the Error-Correcting Output Codes (ECOC) framework. Documents
classified in a particular category which have a higher ECOC-computed
distance from their classification in the next ranked category also have
a higher associated reliability. This is the main idea explored in the pro-
posed ECOC-based text classifier with a reject option. Experiments per-
formed for some commonly used text categorization benchmark datasets
demonstrate the potential of the proposed method.

Keywords: Classifier Ensemble, Text Categorization, Reliability, Error-
Correcting Output Codes, Classification with a Reject Option.

1 Introduction

Information growth in the world wide web and digital form makes vital the
development of automatic intelligent tools to manage massive amount of data.
A large percentage of the information available on the web is stored as text data
which needs to be analysed and processed in an efficient way.

Text classification (TC) is a typical information retrieval task with impor-
tant real-world applications such as document indexing, routing and filtering,
web page hierarchical categorization [1]. The problem refers to the classification
of text documents into one or more predefined categories. A machine learning
approach to this problem builds a classifier based on a training set of labeled
documents. Several classifiers have been investigated in the literature for the
text categorization task including neural networks, k-nearest neighbors, support
vector machines, naive Bayes and multiple classifier systems [2,3].
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In some applications such as search engines, the prediction of web pages that
match user-given keywords does not require to be fully precise since the user
is involved in deciding which of the top ranked documents is the most relevant
to his/her search. However, the reliability of a classification result is crucial in
many other real-world applications. This latter issue is the focus of the current
research.

Reliability measures in the context of text categorization can be used to im-
prove the classification accuracy and inform the user (or human operator) on the
level of decision confidence given by the automatic system. Research in this area
is still in the early stages [4,5,6,7]. The methods proposed so far in the literature
need further improving and more efficient reliability models are necessary.

In this paper, we propose an ensemble-based reliability measure for the text
categorization task. To be more specific, the Error-Correcting Output Codes
(ECOC) algorithm [8] is engaged to define the distance of a given document
to a category. Comparing the distances of a given document from each cate-
gory, we can asses the reliability of the candidate class as an output result. The
classes with a reliability lower than a threshold suggest the user to follow an-
other classification strategy. Computational experiments are performed for the
Reuters benchmark text classification dataset and results are compared with
that of related work.

The structure of the paper is as follows: Section 2 presents a brief review of
related work on reliability measures for text classification, Section 3 describes
the proposed method starting with a brief ECOC description, Section 4 present
the numerical experiments and Section 5 contains the conclusions of the paper
and directions for future research.

2 Related Work

This section focuses on related work devoted to reliability measures for text
categorization. Given a classifier result stating that a document d belongs to a
class ci, how reliable is this decision and how can it be explored in obtaining
better classification accuracies?

In [6], the concept of reliability is used in connection with the problem of
literature-based discovery. The authors describe an association rule mining ap-
proach to determining relationships among scientific publications. Documents
are represented as vectors of weights (the importance of a word in a document).
A number of preprocessing techniques including n-gram representation of text
(more specifically unigram and bigram), stemming and stopwords are considered.
Additionally, a term weighting scheme for indicating the importance of a term in
a document is employed. In this context, a reliability measure is defined to assess
quality of the discovered patterns (docsets). The reliability measure proposed is
based on a citation matrix built from citing and cited information available in a
scientific publication database. A n-th order association citation matrix of size
m × m (where m is the number of considered documents) is created to indi-
cate the citation paths (of size n) from a document to another. Experiments are



Ensemble of Binary Learners for Reliable Text Categorization 139

performed for a dataset collected by the authors from the ACM Digital Library
(more than 10000 articles considered). As the authors indicate, the document
representation is shown to highly influence the reliability score while bigram
scheme significantly outperforms the unigram one.

Fumera et al [4] investigate the potential of introducing a reject option for
text categorization. To do this, the authors propose a strategy for deciding if
the classifier result is reliable. Normally, the classifier computes a score called
posterior probability si ∈ [0, 1] for a document d to belong to category ci. A
threshold τi is then used for each category to decide if document d should be
assigned to category ci i.e. if si(d) ≥ τi then d ∈ ci. Fumera et al observe that the
classifier decision is highly reliable when the value of si is much higher than the
threshold τi. Based on this observation, the reject option is simply implemented
by using two thresholds (denoted by τHi and τLi) instead of only one as follows:
if τLi < si(d) < τHi then d is rejected (and later manually classified). Of course,
if si(d) ≥ τHi then d ∈ ci and if si(d) ≤ τLi then d /∈ ci. This work is extended in
[5] to include a second stage in which the documents rejected in the first stage are
automatically categorized using another classifier. Experiments on the Reuters
21578 benchmark dataset indicate a performance improvement with a reasonable
number of rejected documents. It should be noted that in [4,5] the constraint is
put on the maximum number of withheld decisions for each individual category.

Recently, the same authors - Pillai et al [7] - report the results for multi-label
classification when the objective is to maximize the classification accuracy on the
non-rejected documents with a constraint on the maximum number of rejected
ones. A reliability measure is used to decide whether a document should be
rejected or not. For each category, the Van Rijsbergen’s F measure is used as a
scalar performance measure based on the values of precision (the probability that
a retrieved document is relevant to a given topic) and recall (the probability that
a relevant document is retrieved). Considering multi-label classifiers, the global
precision and recall over all categories are obtained by averaging (at micro or
macro level) the class values. Correspondingly, the value of the F measure is
obtained and denoted by F̂ . To decide if a document d has to be rejected, the
authors define a reliability measure R(d) based on maximizing F̂ for the non-
rejected documents. The idea is that the higher the value of F̂ for all documents
except d the less reliable is the classification of d. All documents d for which
R(d) falls below a prespecified rejection threshold are removed. Experiments
are reported for two text categorization benchmark datasets (Reuters 21578 -
ModApte and Heart Disease subset of the Ohsumed dataset) and one image
annotation task (Scene dataset). The authors report the improvement of the
classification accuracy (always increasing with the rejection rate) - particularly
when about 30% of samples are rejected.

In [9], a reliability measure for Naive Bayes (NB) is proposed to address
text classification problems which involve extremely asymmetric misclassification
costs. The NB classifier is extended by modulating the score returned by NB
based on the information-theoretic Kullback-Leibler (KL) divergence. The idea
is to assess the confidence of NB decisions by measuring the difficulty of reversing
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the NB result for a given input. Given a classifier result which says that a
document d belongs to a certain class, the authors ask the question how much
extra training with d is necessary to reverse the classifier outcome. The KL
divergence is used to measure the effected change to the training distribution.
The paper reports the improvement of results using NB-KL compared to the
baseline NB for three benchmark datasets i.e. Reuters 21578, 20 Newsgroups
and TREC-AP.

A meta-classifier approach to reliable classification is investigated in [10,11]. A
conformity-based classifier is trained as a meta-classifier to predict the corectness
of each document classification of a base classifier. For this purpose, the p-values
of the meta-predictions are computed based on non-conformity functions and
used in deciding which class output of the base classifier is the most reliable. In
this way, the meta-classifier decides if the class predicted by the base classifier
for an individual instance is a reliable result (otherwise, the classification is
rejected). The estimation of p-values for each class can be however a difficult
task in this approach.

Looking over the main existing related work highlights the fact that they
mostly use a simple thresholding strategy on the posterior probability or evalua-
tion measures such as F1. Moreover, they normally rely on the opinion of a single
expert in a rejection/acceptance decision, which obviously is not as reliable as
an ensemble decision. However, the most important motivation of continuing re-
search in this area is a low performance of existing systems in obtaining a good
reliability. The method proposed in this paper tries to address these issues by
consensus of a set of binary experts, forming an ECOC classifier. This strategy
takes advantage of significant ensemble features e.g. redundancy and diversity
to increase the reliability of decisions.

3 The ECOC Classifier with a Reject Option

The proposed reliability measure for text categorization takes advantage of the
computed distances of a given document from any category in an ECOC de-
coding step to evaluate the confidence of label assignment. ECOC is a strategy
to indirectly deal with a multi-class problem by hiring complementary binary
classifiers, each focusing on different partitions (dichotomies) of the problem [8].
The main advantages of ECOC, which particularly proved to be efficient for large
number of classes, are as follows: (i) possibility of using strong binary classifiers
such as boosting and support vector machines (SVM) algorithms which can not
directly address multi-class problems, (ii) generally, it is expected to be easier to
address binary problems than multi-class problems with two many classes (di-
vide and conquer principle), (iii) introduces redundancy for the same solutions
so that if a classifier makes a mistake the final true label can still be recovered
using information given by the other classifiers which have contributed to the
same task (error-correcting property), and (iv) in datasets with small number of
samples per class or imbalanced classes such as text data, the ECOC approach
can lead to denser problems by merging different classes into a superclass which
can potentially be better addressed by a dichotomizer.
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Given a text classification problem with Nc categories, the main idea of ECOC
is to create a codeword for each category. Arranging the codewords as rows
of a matrix, a code matrix M is defined: M ∈ {−1, 0,+1}Nc×L and L is the
code length. From learning point of view, M specifies Nc categories to train L
dichotomizers, f1...fL. A classifier fl is trained according to the column M(., l).
If M(N, l) = +1 then all documents of category N are positive, if M(N, l) = −1
then all its documents are negative and, finally, if M(N, l) = 0 none of the
documents of category N participate in the training of fl. It is worth noting
that the original ECOC proposed in [8] has only −1,+1 values to which later
the 0 value as an uncertainty concept has been added [12].

Let us suppose a predicted codeword yd = [y1...yL], yl ∈ {−1,+1} is a binary
string assigned to document d (each bit representing the hard output of a di-
chotomizer). In the decoding step, the class output that maximizes the similarity
measure S between yd and row M(N, .) is selected as follows:

Predicted Category(d) = ArgMax S(yd,M(N, .)) (1)

Concerning the similarity measures, two of the most common techniques are
the Hamming decoding distance (equation 2) where classifier outputs are hard
decision and margin decoding (equation 3) where the outputs are soft level.
These equations actually specify the distance of a document from any category
- required in the proposed approach to define reliability.

SH(yd,M(N, .)) = 0.5×
L∑

l=1

(1 + yl ·M(N, l)) (2)

SM (yd,M(N, .)) =

L∑
l=1

yl ·M(N, l) (3)

The ECOC matrix codifies the class labels in order to achieve different parti-
tions of classes considered by each dichotomizer. The main coding strategies can
be divided into problem-independent (or fixed) [13,14] and problem-dependent
[15,16,17,18].

The main idea of the proposed method is that a category assigned to a docu-
ment is more reliable if the distance of predicted codeword to the candidate class
is shorter than the distance to the second ranked candidate. For the ECOC-based
text categorization system, the proposed reliability measure for the classification
of a document d is defined as follows:

Reliability(d) =
Hd(cw2, yd)−Hd(cw1, yd)

Hd(cw2, cw1)
× 100 (4)

where cw1 and cw2 are the closest and second closest rows of the code matrix
to the output vector yd given by ECOC classifier for each test document and
Hd is the Hamming distance between two codewords. A reliability threshold can
be set on Reliability so that testing documents with reliability smaller than the
threshold can be rejected.
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Finally, the recognition rate and the rejection rate computed by the proposed
method for text categorization with a reject option are defined as follows:

Recognition Rate =
ψc

ψa
(5)

Rejection Rate =
ψr

ψn
(6)

where ψc is the number of correctly labeled documents, ψa is the number of
accepted documents which obtained the reliability score above the calculated
threshold, ψr is the number of rejected documents and ψn represents the total
number of documents. The threshold can be adjusted based on a trade-off be-
tween recognition rate and rejection rate. For example, for applications with low
tolerance on errors such as those in information security, the threshold should
be set higher and the error rate can be reduced at the cost of more rejections.

4 Numerical Experiments and Results

Reuters Corpus Volume I (RCV1) [19] is a benchmark dataset widely used in text
categorization and in document retrieval. It consists of over 800,000 newswire
stories, collected by the Reuters news and information agency. The stories have
been manually coded using three orthogonal category sets. Therefore, category
codes from three sets (Topics, Industries and Regions) are assigned to stories:

– Topic codes capture the major subject of a story. The hierarchy of topics
consists of a set of 104 categories organized in a four-level hierarchy.

– Industry codes are assigned on the basis of the types of business discussed
in the story and they include 365 different categories.

– Region codes include both geographic locations and economic/political group-
ings with 366 distinct region classes.

We pre-processed documents as proposed by Lewis et al. [19] and, in addition,
we separated the training set and the testing set using the same split adopted
in [19]. This process includes all necessary steps such as feature generation and
feature selection/reduction as mentioned in [19] which results in 47,152 features.
Documents published from August 20, 1996 to August 31, 1996 (document IDs
2286 to 26150) are included in the training set while documents published from
September 1, 1996 to August 19, 1997 (document IDs 26151 to 810596) are
considered for testing. The result is a split of the 804,414 documents into 23,149
training documents and 781,265 test documents. After multiple-label document
removal, we have 150,765 documents (4,517 training documents and 146,248
testing documents).

In applications using text categorization as the core task, the computational
efficiency is crucial because of the very large number of features, classes and
samples. Therefore, the need for designing a simple and fast classification sys-
tem is extremely important. There are many research studies using different
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kinds of classifiers such as k-nearest neighbors (kNN), SVM, artificial neural
networks (ANN), bayesian methods and rocchio classifiers [2]. However, in prac-
tice, most of them are not applicable since in real-world applications, e.g. search
engines and recommender systems, a just-in-time response has great importance.
Among them, NB and centroid classification algorithms are extremely simple and
straightforward demonstrating competitive performance on text categorization
problems. Moreover, they do not need to memorize a huge amount of train-
ing data as some other classifiers (e.g. kNN) or learn too many parameters (as
opposed to ANN for example).

For the experiments presented in the current paper, we used centroid-based
classifiers as the ECOC dichotomizers. This means that the prototype vector or
centroid vector (μ∗

i ) is computed for each supper-class T ∗
i as:

μ∗
i =

1

| T ∗
i |
∑
d∈T ∗

i

d (7)

where | T ∗
i | denotes the cardinality of set T ∗

i , i.e. the number of documents
belonging to ∗ = +/− supper-class in the i-th dichotomy and d is a training
document.

In the testing step, we calculate the similarity of a document d to each centroid
by the cosine measure,

S(d, μ∗
i ) =

d · μ∗
i

|| d || || μ∗
i ||

(8)

This similarity can be regarded as the posterior probability of the dichotomizers
and used for the i-th bit of the predicted codeword ȳd.

Numerical results emphasize the performance of the proposed method in dis-
criminating between the reliable and unreliable decisions made for documents
classified by ECOC algorithm. Documents with low reliability score (i.e. lower
than the threshold τ) are rejected whereas those with higher reliability score are
accepted. However, finding an optimal value for τ proved to be important and
should be done by considering all factors of the classifiers. Among them, the
recognition and rejection rates are the most effective ones and should be very
well adjusted while designing a classifier with a reject option. False Rejection
(FR) occurs either when a category is correctly assigned to a document with low
reliability or when high reliability is given to a document with incorrectly pre-
dicted label. The results obtained for the Reuters dataset are presented in Table
1. The proposed method correctly rejects documents falsely predicted by classi-
fiers, i.e. True Rejection (TR) ratio, whereas the FR ratio is very low considering
the large number of test documents.

It is important to note that the FR and TR ratios are directly related to
the threshold τ . Higher thresholds avoid the label assignment for false predicted
documents while the FR increases. Therefore, in applications with high cost for
mislabeling, the proposed strategy reduces the cost at the risk of rejecting some
correctly labeled documents.
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Table 1. Results obtained by the proposed method using an instance threshold on the
selected subset of RCV1-v2 datasets. Accuracy boost is calculated comparing ECOC
algorithm with the proposed rejected option versus standard ECOC (using the same
instance matrix generated by Dense-random method).

Problem Rejected documents TR FR Accuracy boost (%)

Topics 97 87 10 3.8
Industry 88 79 9 3.7
Regions 90 83 7 1.3

We have compared the results of the proposed method with those of different
commonly used TC algorithms [20,21] as well as the related reliability methods
[4,5]. The standard TC methods used for comparison are the big-bang (global
method), the flat method, Local Classifier per Node (LCN) and ECOC classifier
with various matrices (without a reject option). For all these methods, centroid-
based classifiers with the same parameters have been implemented. As shown
in Table 2, the proposed method boosts the accuracy of the standard TC ap-
proaches using the ECOC algorithm and outperforms the related TC reliability
methods.

Table 2. The recognition rate of the proposed method using different coding strategies
compared to the existing standard text categorization methods on the selected subset
of RCV1-v2 datasets (recognition rates are reported in percentage)

Problem big-bang LCN ECOC ECOC ECOC Proposed Proposed Proposed
D-Rand S-Rand BCH Method Method Method

(D-Rand) (S-Rand) (BCH)

Topics 34.5 34.1 35.5 34.4 35.9 37.9 37.0 36.9
Industry 38.3 36.7 38.1 39.1 38.9 40.0 40.5 39.9
Regions 38.0 37.0 37.5 36.8 37.3 38.3 38.2 38.0

5 Conclusions and Future Work

An efficient distance-based rule is introduced to evaluate the reliability of deci-
sions made by ECOC text classifier for a given document. The proposed approach
relies on the computed distances of an incoming document from each category
given by the ECOC decoding step to make a final decision about the candidate
category. A document will be assigned to a class with maximum posterior prob-
ability if its reliability score is higher than a predefined threshold. This way,
by double checking the candidate category, the reliability of the decision made
by ECOC classifier is increased. Experiments show capability of the method to
boost the recognition rate with rejecting decisions about document class which
have been assigned a low reliability.
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Ongoing and future work focuses on adapting the proposed ECOC-based reli-
ability to more complicated paradigms such as multi-label [22] or hierarchical TC
problems since the application of ECOC classifier on these areas has not been ex-
plored. Investigating different strategies to formulate reliability measures based
on binary classifiers opinion given by ECOC ensemble is another interesting
research line.
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Abstract. The study presents results of analysis of spontaneous facial expres-
sion. Their purpose was to isolate aggression from the facial expressions. Based
on tracking specific points of a face, selected from a video sequence, a trajectory
of the face’s movement was made. Then, using the Gabor filter and Local Binary
Patterns (LBP) operator, extraction and analysis of the facial features was per-
formed, from which vectors of aggression features have been detailed. Using the
support vector machine (SVM) classifier, classification of the spontaneous facial
data was made in order to detect the aggression. A correct recognition rate of the
method, as high as 85% as well as a high ability for generalization was obtained.

Keywords: facial expression recognition, aggression detection, classification.

1 Introduction

In recent years, the research area of hybrid artificial intelligence systems has seen a re-
markably active development [1, 7, 8]. Furthermore, there has been an enormous in-
crease in the successful use of hybrid intelligent systems in many diverse areas such as
robotics, medical diagnosis, computer vision, etc.

Computer vision is a widely developed field of science, the aim of which is to study
the environment using data mining methods and extracting information from them. The
main topics dealt with by the computer vision include recognition of persons, their
movement and their faces. It is obvious that correctly operating computer vision sys-
tems are based on the vision systems (cameras, sensors, etc.) and programs that allow
following the subject in the video sequences, estimating its movements, detecting facial
features, etc.

One of the research areas developed within the computer vision is examination of
human behaviour. It is a strong trend consisting of the analysis, not only of reading in-
formation transmitted by a person verbally, but also monitoring several non-verbal sig-
nals. This, primarily refers to facial expressions. The outcome of so extensive research
operations carried out in this field was their direct translation into various aspects of
everyday life, such as the systems intended to recognize and analyze facial expressions.
These systems are increasingly widely used in such fields as:

– medicine - to support treatment of patients with emotional disorders.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 147–158, 2012.
c© Springer-Verlag Berlin Heidelberg 2012
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– monitoring - in processing of data from cameras in order to detect aggression with
the purpose to ensure security, checking degree of concentration or distraction of
drivers or pilots, detecting moments when pain (patients) or panic (gathering of
people) appears, etc.,

– business, politics - to assess a partner during negotiations, his or her reaction to
articles, proposals presented, etc.,

– education - within an e-learning platform, to examine progress in assimilating
knowledge and concentration of a student.

Facial Expression Recognition and Analysis (FERA), in particular the Facial Action
Coding System Action Unit (FACS AU) recognition and discrete emotion detection [9],
has been an active topic in computer science for some time now, and many promising
methods have been published [10, 16]. The first survey of the field was reported in
1992 [17] and has been continued by several others [11,24,25]. However, none of these
issues can track facial actions and recognize expressions over time in a monocular video
sequence.

The main purpose of the article is to analyze spontaneous facial expressions, pay-
ing special attention to the detection of aggression. Using the method introduced here,
facial representation was defined by means of a set of points, which are tracked in the
video sequence. By using a special filter and developed texture coding, extraction facial
features was made. Then, the SVM classifier was used to detect the aggression fea-
tures in the examined face. Numerical tests confirmed the correctness of the approach
in detecting aggression.

There were two kinds of research employed. Their main target was to elaborate
a method, that could be used for the automatic detection of aggression in the spon-
taneous facial expressions. The other target of the study was to find a technique, that
could be used to analyze facial features and the texture of people’s faces in the video
motion sequences. In both the first and second cases the problem was solved, by de-
veloping an appropriate method for the detection of aggression, and choosing the right
technique for analyzing facial features and the textures of a face.

The concept adopted for facial representation and the tracking of selected points is
presented in chapter 2. Chapter 3 is devoted to the extraction of features to the trajectory
of particular points and changes in the texture, which correspond to facial changes due
to aggression. In chapter 4, the classifier that was used here to detect aggression is
described. Chapter 5 presents results of the numerical research. Final conclusions are
presented in chapter 6.

2 Representation of the Face and Tracking Its Selected Points
The chapter below presents the applied method of facial representation and the moni-
toring of its selected points in the video sequence.

The Facial Action Coding System (FACS) [9] belongs among the most important fa-
cial expression coding methods, which also include spontaneous expressions. In this
method facial expressions are described by means of Action Units (AUs). The AU
constitutes the observable and indivisible facial movement, caused by the tensing or
relaxing of a muscle or group of muscles. The authors of the FACS method have dis-
tinguished 46 independent AUs units. However, over 7000 combinations were isolated,
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where these units can occur. In addition, the FACS system also determines the inten-
sity of a particular facial expression on a scale from A to E, where A means trace (or
minimum detectable) intensity, and E means the maximum intensity.

Fig. 1. Facial expressions corresponding to human aggression

According to FACS, four AUs describe aggression, namely:

1) AU4 lowering eyebrows,
2) AU5 lifting upper eyelids,
3) AU7 tightening of eyelids,
4) AU23 tightening of mouth.

Action Units that describe facial expressions corresponding to aggression are presented
in Fig. 1.

Systems of the facial expression analysis generally consist of 4 parts: face detection,
face representation, feature extraction and classification. The proposed solution also
retains the used 4-phase scheme.

Among the others for analyzing spontaneous expressions, was the system proposed
by Bartlett [3], which was based on several methods of machine learning. It included a
database, containing the facial expressions of over 100 persons. In this system the face
was detected using the Viola and Jones algorithm [21], together with the GentleBoost
method. Facial area was presented by means of the Gabor wavelets, of which the ap-
propriate subset was the input set for the SVM classifier. The Bartlett system achieved
an efficiency of 90.5%.

In the Zeng study [23], the data concerning the facial expressions obtained in real
conditions were used. That data were marked using FACS system, and then a model
given by Tao [19] was used to track the facial movements. For the classification the
Support Vector Data Description method was used.

In the paper by Ioannou et al. [13] a system was created that would be able to ad-
just itself to the facial features specific to each user. The area containing the face was
detected by means of SVM method, and then the areas of the mouth, eyes and eye-
brows were located. The FAP method, defined within the MPEG-4 standard, was used
to describe facial movement. In the Ioannan method an efficiency of 78% was achieved.

In the paper by Cohn et al. [6], attention was focused on the analysis of changes
in facial appearance over time. The main objective of the study was smile detection,
because this is the most frequent facial expression, accompanying the interpersonal
communication. Changes in the facial appearance were monitored, based on corners at
the corners of mouth. Strong linear dependence was observed between the amplitude of
changes of the mouth corners at the mouth corners and the duration of the spontaneous
expressions. For classification the Linear Discriminant Analysis (LDA) method was
used, which accuracy of smile detection reaching 93% was obtained.
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a) b)

Fig. 2. Facial points (a) and the related regions (b)

For the representation of the face the method was used, mentioned in the paper [18]
was used, which consists of the determination of 18 points (Fig. 2a) and related regions
(Fig. 2b). Selected points describe individual elements of a face, such as eyes, forehead,
chin, and mouth. Additionally, along with these points the areas of a face are isolated,
which can then be analyzed according to the changes in the texture.

For the object tracking in the video sequence (25 frames per second), an estimation of
dynamics of the objects in time should be made, which will allow reproducing trajectory
of such object. In the proposed solution, a particle filter [4] was used, also called the
sequential Monte Carlo method.

Operation of a particle filter consists in the estimation of a non-linear dynamic sys-
tem, in which the measuring error does not have Gaussian character. Filtering by means
of this filter consists in determination of the density function of marginal distribution
p(xt | y1:t), or the distribution calculated a posteriori on the basis of the observation
history from the moment 1 up to t. Taking into account, that determination of the a pri-
ori and a posteriori distributions is connected with calculation of the high-dimensional
integrals, dealing with both the linear and non-Gaussian systems, Monte Carlo methods
are used in the particle filter.

The recursive Bayes filter is used as the particle filter, in which evaluation of the
probability p(xt | y1:t) distribution is carried out through a set of the weighted samples:

s = {(sn, πn) | n = 1, . . . , N} (1)

Each sample represents a hypothesis of the object’s state in time, together with the
corresponding discrete π probability, where

∑N
n=1 π

n = 1. In each step (frame) N
samples are taken at random with the probability

πn = p(yt | Xt = snt ) (2)

The averaging state of the object is given according to the formula:

E[S] =
N∑

n=1

πnsn (3)

In order to locate the objects in each frame of the video sequence, it is necessary to
define representation of the object by means of some characteristic features. Here, it
was assumed that color is such a characteristic feature.

Using a colour in the partial filter requires that each xi pixel belonging to the object
is assigned to the appropriate range in the histogram by means of the h(xi) function.
Then, the colour variable of the object being tracked is analyzed.
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Due to the high sensitivity of the colour variable distribution to the changes in illumi-
nation, the Hue Saturation Value (HSV) model was used here, in which it was assumed,
that the histogram consists of 8× 8× 4 ranges, assigning the smaller stress to the com-
ponent V . In addition, it was assumed that higher weights were assigned to the colours
from the area of the central object, while colours of pixels in marginal areas were con-
sidered less significant. This helped to avoid false readings connected with probability
of the object’s contours. The weights are assigned according to the distance from the
centre of an ellipse circumscribing the object, namely:

k(r) =

{
1− r2, r < 1
0, r ≥ 1

(4)

Then, the distribution {pnj }u=1,...,m of the {pnj }u=1,...,m colour variable for pixels be-
longing to the object is calculated according to the formula:

puj = f

I∑
i=1

k

(
‖ f − xi ‖

a

)
δ(h(xi)− u) (5)

where m is the number of ranges in the histogram, I is the number of pixels in the
object, δ is the Kronecker delta. Parameter a is responsible for adaptation of the size of
the ellipse circumscribing the object and is defined as follows:

a =
√
H2

x +H2
y (6)

In addition, in order to fulfill the condition
∑m

u=1 p
u
j = 1, a normalizing parameter f

equal to 1/
∑I

i=1 k(
‖j−xi‖

a ) was applied.
In the object-tracking problem, the object’s state is evaluated for each frame of the

sequence on the basis of new observations. This is why, the so-called measure of sim-
ilarity between the objects with the given representation must necessarily be defined.
Here, the Bhattacharyya coefficient ρ was applied in order to compare two discrete
distributions {puj }u=1,...,m and {quj }u=1,...,m, in the following way:

ρ[p, q] =

∫ √
puqu (7)

Each sample (particle) is defined by vector s = {x, y, ẋ, ẏ, Hx, Hy, ȧ}, where (x, y) are
the position of the ellipse describing the object, (ẋ, ẏ) describes movement, (Hx, Hy)
are the lengths of the big and small semi-axes, while ȧ is the parameter of change of the
object’s size over time.

The algorithm for tracking the object in the form of the distribution of the colour
variable q for a given set of samples s has the form:

1) Sampling of N samples from the set St−1 with the probability πn
t−1.

2) Propagation of each sample through snt = Asnt−1 +wn
t−1, where A is the matrix of

transition, which defines the deterministic model of the dynamics, wt−1 is a multi-
dimensional random variable G of the distributions,

3) Observation of the colour variables: a) calculation of colour distribution pns for
each sample from the set St, b) calculation of Bhattacharyya coefficient (distance)
between the object model q and the hypothesis pns , c) assigning weights for each
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sample with the changing values of the Bhattacharyya coefficient, which means
that the most significant are the samples with the highest similarity to the model of
the object q,

4) Assessment of the averaging state of the set St, namely E(St) =
∑N

n=1 π
n
t s

n
t .

3 Extraction of Features

For the extraction of features connected with the trajectory of individual points on the
face and changes in expression, the Gabor filter and LBP operator were used.

In the two-dimensional area the Gabor filter is defined as the Gaussian function mod-
ulated by the sine and cosine waves:

ΨG(x, y; f0G, θG) =
f2
0G

π · γG · ηG
· eA · eB (8)

where A = −( f
2
0G

γ2
G
·x′2+

f2
0G

γ2
G
· y′2), B = 2πj · f0G ·x′, x′ = x · cos θG+ y · sin θG,

y′ = −x · sin θG + y · cos θG.
Parameters of the Gabor filter are the sharpness along the longer axis of γG and

shorter axis of ηG, filter central, frequency of filter f0G and angle of rotation θG of the
main filter axis.

In order to analyze the texture, convolution of the input image is conducted with the
Gabor filter kit. From the representation thus obtained, a histogram is calculated, which
is the vector of features.

The Local Binary Patterns (LBP) method, proposed originally by Ojala [14, 15] and
later extended by Ahonen [2] and by Hadid [12], allows to transforming the image into
a representation, thanks to the application of the special operator, which assigns the
value on the basis of a value of the particular pixel P . The LBP operator is given by

∀n∈N t(n) =

{
1, n ≤ P
0, n > P

(9)

where N is the number of pixels in the neighbourhood. Values of pixels from the neigh-
bourhood, making a binary sequence, constitute a code, which when transformed into
the decimal system is assigned to a pixel.

The classical LBP operator has analyzed the neighbourhood with dimensions 3× 3,
yet the relatively small size of the operator was its basic limitation. For the purposes of
the features extraction, a new kind of LBP operator was adopted here as well as new
dimensions of the neighbourhood for the operator, e.g., a circular neighborhood with
radius R and any number of pixels P . As a result of LBP transformation carried out in
this way, binary standards are coding local primitives of texture, also called the micro-
patterns or textons. Examples of such micro-patterns are as follows: spot, spot/flat, line
end, edge, corner.

An LBP operator with R radius and a number of pixels P can code the image by
means of 2P different values (codes). The image after processing into the LBP rep-
resentation lbp(x, y) is analyzed by means of a histogram, which can be defined as
follows:
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Hi =

I∑
x,y

(lbp(x, y) = i), i = 0, . . . , n− 1 (10)

where n is a number of possible values of LBP codes. Function I(.) returns 1, when
expression (.) is true, otherwise it returns 0. The obtained histogram describes the sta-
tistical distribution of individual standards.

4 The SVM Classifier

In the case of the separable binary classification problem, the goal of support vector
machine (SVM) is to find a particular hyperplane for which the separated margin is
maximized. The optimal hyperplane is defined [20] as follows

g(x) = wT
0 x+ b0 (11)

where w0 denotes the optimum value of the weight vector, b0 is the optimum value of
the bias.

This maximization of the margin between classes is equivalent to minimizing the
Euclidean norm of vector w. Thus, the optimal hyperplane satisfies the constraints:{

di(w
T
i + b) ≥ 1, i = 1, . . . , N

Φ(w) = 1
2w

Tw
(12)

In order to solve Eq. (11), we can use the Lagrangian method, which is known as a pri-
mal problem

J(w,b, α) =
1

2
wTw −

N∑
i=1

αi

[
di(w

Txi + b)− 1
]

(13)

where the auxiliary variable αi is referred to as the Lagrange multiplier and its value is
positive. The saddle point of the Lagrangian function J(w,b, α) provides a solution to
the optimization problem. Then, we obtain the two conditions:

w =

N∑
i=1

αidixi (14)

N∑
i=1

αidi = 0 (15)

From the above conditions we can receive the dual form of our problem, namely

Q(α) =

N∑
i=1

αi −
1

2

N∑
i=1

N∑
i=1

αiαjdidjx
T
i xj (16)

The solution to the objective function is provided here by

N∑
i=1

αidi = 0 (17)

αi ≥ 0 for i = 1, 2, . . . , N (18)
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(a) (b)

Fig. 3. Face described as a set of 18 points (a) and the related regions (b)

The optimum values of the weight vector w0 and bias b0 can be obtained as follows

w0 =

N∑
i=1

α0,idixi (19)

b0 = 1−wT
0 x

(s) for d(s) = 1 (20)

5 The Experimental Results

In our analysis, we have used data contained in the FEED [22] base. This base was pre-
pared in the framework of the FG-NET project at the University of Munich. The basic
assumption in creation of the base was the recording of the most natural behaviours of
people. For this purpose, films were shown in order to provoke emotions. The collected
data may not have been fully spontaneous, as the participants were aware of what kind
of a test they were taking part in. However, the demonstrated emotions are to significant
degree close to the natural ones.

The basis consists of video sequences acquired during recording of 18 persons of
whom 9 were women and 9 men. The data are stored in the form of MPGE4 files with a
frame-rate equal to 25 frames/second, dimensions 320× 240 and 8-bit depth of colour.
For each person, 3 samples were gathered, where the first two make the teaching set,
while the third serves for testing. Presented emotions were labeled in accordance with
the theory of six universal emotions. The base also contains sequences, in which persons
keep a neutral face, i.e., they do not express emotions.

The proposed method was implemented in the environment of MATLAB using the
Image Processing and Bioinformatics Toolboxes. The made out algorithm consists of
the following stages:

1) matching of the model in the first model frame,
2) tracking the model points in each frame,
3) definition of the feature vector, extraction of texture and analysis of the point move-

ment trajectory,
4) classification, or detection of aggression.
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(a) (b)

Fig. 4. Change of location of mouth corners (a) and measured position of the eyes, forehead, chin
and mouth regions (b)

The face was described using a set of 18 points (Fig. 3a). Location of the face model
in the sequence is determined in the first frame of sequence. Coordinates of points are
stored in the file. Next, the areas defined around the face model (Fig. 3b) are tracked
by means of the particle filtering algorithm, described in section 2. Points of the model
have been circumscribed by ellipse, the area of which is then represented by histogram
of the colour variable.

At this stage, the fundamental problem is head and body movements during presen-
tation of the emotions. They lead to corruptions in estimating of the movement of the
model points. Hence, the movement of such points as the ends of the eyebrow and cor-
ners of the mouth is defined by means of the distance from the established reference
points.

In the case of the eyebrow movement such a point is the inner corner of the eye, on
the left and right side, respectively. On the other hand, movement of the mouth corners
is measured by reference to the tip of the nose (Fig. 4a).

In addition, the detected movements of the head can bring significant information
for the description of expression. Translation, or the horizontal or vertical displacement
of the head is calculated on the basis of the nose’s position in every frame. Rotation,
however, is detected through analysis of the eyes’ axes.

At the stage of extraction and analysis of features describing the emotion on the
basis of the detected face points trajectory in the video sequence, we can determine the
composition of a vector of features, which include:
a) Distance of the mouth corners from the nose and the distance of the eyebrow ends

from the inner corner of the eyes. These values are placed in each frame of the
sequence in relation to the first frame, presenting a neutral face. In addition, these
distances are presented as a percentage, in order to make the movement model more
adjusted.

b) Head movement - change of location of the nose center in each frame, also as
a percentage.

In order to maintain a constant value of the features vector, the video sequences have
been normalized according to the number of frames. As a result of this, the algorithm
operates on the sequences consisting of 100 frames.
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Fig. 5. Face regions after the Gabor method filtering. From left side are face regions of chin,
forehead, right eye, left eye, mouth.

On the basis of the face model location in the particular frames we have assessed
the positions of the eyes, forehead, chin and mouth regions (Fig. 4b), which are then
analysed according to the changes in the texture. Particular regions have been subjected
to the process of normalization, in the effect of which is that the areas of the eyes have
been rescaled to the size of 40× 35, forehead 30×30, mouth 60×25 and chin 40×20.

In the proposed approach, the texture is analyzed by means of two methods: Gabor
filter and LBP operator. First, the areas are transformed to the appropriate representa-
tion, and then they are described in the form of a histogram. The histograms for each
area are connected into one vector of features.

Filtering using the Gabor method meant that filter banks with 8 orientations and
9 rates were used (Fig. 5). A a result of this method, the vector of features obtained
consists of 432000 elements. In the case of the LBP operator, the basic operation (3 ×
3) version was used. The number of the histogram ranges was 256, and the size of each
vector of features was 1280. The last element of the algorithm is the SVM classifier,
made available at the Bioinformatics Toolbox. As the input set, various combinations
of the vector of features were fed:

– geometrical features in time,
– histogram of texture obtained by means of the Gabor filters,
– histogram of texture obtained by means of the LBP operator,
– concatenation of geometrical features and histograms of the texture (for both

methods).

The system was trained using 10 video sequences, demonstrating aggression and 10
sequences expressing other emotions. The set of tests contained 4 examples, 2 positive
cases (aggression) and 2 negative cases (no aggression). In addition, the ability of the
method for generalization was checked, using recordings of the persons, who have not
been taken into account in the process of learning.

Effectiveness in detecting the expression is measured by the correctness recognition
coefficient of the received results, namely

R =
number of correctly recognized examples

number of all examples in the test
× 100% (21)

Presented results are in conformity with the tested configurations of the vector of fea-
tures. For the analysis of the face points movements trajectory, a vector was defined,
with dimensions of 1000 features, containing the information on the change in the face
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Table 1. The overall results of the classification in different configurations of features

Vector of features in time Number of features Correctness recognition
coefficient

Geometrical features 1000 78%
Coding the texture with Gabor filter 432 000 81%
Coding the texture with LBP method 1280 72%
Geometrical features in time plus 433 000 80%
Gabor filter
Geometrical features in time plus 2 280 85%
LBP method

geometry in the determined time slice (frames). The correctness recognition coefficient
obtained here is equal to 78%.

The texture of the face was acquired from the most representative frame of the se-
quence, where the presented emotion is in the phase of culmination. When coding
the texture with Gabor filters the system achieves a correctness recognition coefficient
of 81%, while when using the LBP method 72%. Combining the two categories, or the
methods describing both the geometry (in the dynamic take), and the face texture, the
tested examples are classified with a correctness recognition coefficient of 82.5%. The
overall results of the classification in different configurations of the vector of features
are presented in Table 1.

The ability of the system for generalization was also tested, which here means here
the detection of aggression in examples that were not included in the test set (new
persons). In this case the vector of features was used which consisted of the geometric-
dynamic features as well as the LBP histograms. Two samples (negative and positive)
were presented from four different persons. The system correctly classified all of them.

6 Conclusions

The conducted experiment demonstrated, that automatic detection of aggression in peo-
ple, from a given video sequence, containing spontaneous facial reactions was possible.
The best results for the analysis of a human face texture were obtained using the Ga-
bor filter (81% of correctness recognition coefficient). Results of the classification for
the texture analysis prove, that a relatively large amount of information is coded in the
face’s texture, and in particular in the analyzed regions of the eyes, forehead, mouth and
chin. It is for this reason that the texture of the face was combined during the experi-
ment with the dynamics and geometry. Here, the task of classification becomes much
more difficult. Using the Gabor filter gave much worse results than the LBP operator.
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Abstract. In this paper, we address a project scheduling problem that considers a 
priority optimization objective for project managers. This objective involves  
assigning the most effective set of human resources to each project activity. To 
solve the problem, we propose a memetic algorithm. This is a hybrid algorithm that 
combines an evolutionary algorithm and a local search algorithm. To evaluate the 
performance of the memetic algorithm, we report the computational experiments 
carried out on six different instance sets. Then, we compare the performance of the 
memetic algorithm with that of the evolutionary algorithm previously proposed in 
literature for solving the addressed problem. The obtained results show that the 
memetic algorithm outperforms the previous evolutionary algorithm.  

Keywords: project scheduling, human resource assignment, multi-skilled  
resources, effectiveness of human resources, memetic algorithms. 

1 Introduction 

The scheduling of a project involves defining feasible start times and feasible human 
resource assignments for project activities. Moreover, to define human resource 
assignments, it is necessary to have knowledge about the effectiveness of the 
available resources in relation to different project activities. This is because  
the development and the results of an activity depend on the effectiveness of the 
resources assigned to it [17, 26].  

In the literature, many different kinds of project scheduling problems have been 
described and addressed until now. However, to the best of our knowledge, only few 
works have considered human resources with different levels of effectiveness [5, 15, 
14, 27], a central aspect in real project scheduling problems. These works state 
different assumptions about the effectiveness of the human resources.  

In [5, 15, 14], the authors assume that each human resource only has one or several 
skills, and an effectiveness level in relation to each skill. Then, the effectiveness of a 
human resource in a given activity is determined only on the basis of the effectiveness 
level of the resource in relation to one of the skills required for that activity.  
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Thus, only the skills of a human resource are considered as determining factors of 
their effectiveness. However, other contextual factors that also determine the 
effectiveness of a human resource in a given activity are not considered in the 
mentioned works. Such factors involve the attributes of the activity to which the 
resource is assigned, the other resources with whom the resource in question must 
work, as well as the experiences and attributes of the resource [2, 17, 26].  

In contrast with the above-mentioned works, in [27] the authors consider that the 
effectiveness of a human resource depends on various factors inherent to its work 
context (i.e., the activity to which the resource is assigned, the skill to which the 
resource is assigned within the activity, the set of human resources that has been 
assigned to the activity, and the attributes of the resource). This is a really significant 
aspect of the work [27] above mentioned. This is because, in real projects, the human 
resources usually have different effectiveness levels in relation to different work 
contexts [2, 17, 26] and, therefore, the effectiveness of a human resource needs to be 
considered in relation to its work context. To the best of our knowledge, the influence 
of the work context on the effectiveness of the human resources has not been 
considered in other works that address project scheduling problems. For this reason, 
we consider that the above-mentioned work [27] states novel and valuable 
assumptions about the effectiveness of the human resources in the context of project 
scheduling problems. 

In this paper, we address the project scheduling problem introduced in [27]. This 
problem considers a priority optimization objective for managers at the early stage of 
scheduling. This objective involves assigning the most effective set of human 
resources to each project activity. In this respect, as was previously mentioned, the 
addressed problem considers that the effectiveness of a human resource depends on 
various factors inherent to its work context. 

To solve the problem, we propose a memetic algorithm. This is a hybrid algorithm 
that combines an evolutionary algorithm and a local search algorithm [11, 28, 29]. 
Specifically, the memetic algorithm integrates a local search algorithm within the 
framework of an evolutionary algorithm. The hybridization or fusion of these 
algorithms is meant to improve the performance of the traditional evolutionary 
algorithms [11, 28, 29, 30]. In particular, the incorporation of a local search stage into 
the evolutionary framework has the aim of fine-tuning the solutions obtained in each 
cycle of the evolutionary algorithm. Thus, the evolutionary-based search is 
augmented by the addition of one stage of local search [11]. 

We propose a memetic algorithm because of the following reasons. The problem 
addressed here can be seen as a special case of the RCPSP (Resource Constrained 
Project Scheduling Problem) [7] and, therefore, the problem is a NP-Hard problem. In 
this sense, the hybridization of evolutionary algorithms with other search and 
optimization techniques (e.g., local search) has been proven to be more effective than 
the classical evolutionary algorithms in the resolution of a wide variety of NP-Hard 
problems [11, 28, 29, 30] and, in particular, in the resolution of project scheduling 
problems [20]. Thus, we consider that a memetic algorithm could outperform the 
evolutionary algorithm previously proposed in [27] for solving the addressed 
problem. 
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The remainder of the paper is organized as follows. In Section 2, we give a brief 
review of published works that address project scheduling problems in which the 
effectiveness of human resources is considered. In Section 3, we describe the problem 
addressed in this paper. In Section 4, we present the proposed memetic algorithm. In 
Section 5, we present the computational experiments carried out to evaluate the 
performance of the memetic algorithm and an analysis of the results obtained. Finally, 
in Section 6 we present the conclusions of the present work. 

2 Related Works 

Different works in the literature have considered the effectiveness of human resources 
in the context of project scheduling problems. These works state different 
assumptions about the effectiveness of the human resources. In this respect, few 
works have considered human resources with different levels of effectiveness [5, 15, 
14, 27], a central aspect in real project scheduling problems. In this section, we focus 
the attention on analyzing the way in which the effectiveness of human resources is 
considered in related works. 

In [3, 4, 6, 23, 9], the authors address the multi-skill project scheduling problem. In 
this problem, each project activity requires specific skills and a given number of 
human resources (employees) for each required skill. Each available employee 
masters one or several skills, and all the employees that master a given skill have the 
same effectiveness level in relation to the skill (homogeneous levels of effectiveness 
in relation to each skill).  

In [5], the authors consider the multi-skill project scheduling problem with 
hierarchical levels of skills. In this problem, given a skill, for each employee that 
masters the skill, an effectiveness level is defined in relation to the skill. Thus, the 
employees that master a given skill have different levels of effectiveness in relation to 
the skill. Then, each project activity requires one or several skills, a minimum 
effectiveness level for each skill, and a number of resources for each pair skill-level. 

In [22], the authors address the multi-skill project scheduling problem with the aim 
of minimizing the total staffing cost, and consider a specific workload capacity (i.e., 
weeks in a project) and a specific salary for each employee. In [10], the objective of 
the multi-skill project scheduling problem is to minimize the maximal lateness of the 
project, and consider a specific workload capacity (i.e., duration of work per day, etc.) 
for each employee. Both works consider homogeneous levels of effectiveness in 
relation to each skill. 

The works mentioned in the preceding three paragraphs consider that all sets of 
employees that can be assigned to a given activity have the same effectiveness on the 
development of the activity. Specifically, with respect to effectiveness, such sets are 
merely treated as unary resources with homogeneous levels of effectiveness. 

In [15], the authors address the multi-skill project scheduling problem with three 
different optimization objectives (i.e., time, quality and cost). In this work, most 
activities require only one employee with a particular skill, and each available 
employee masters different skills. In addition, the employees that master a given skill 
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have different levels of effectiveness in relation to the skill. Then, the effectiveness of 
an employee in a given activity is defined by considering only the effectiveness level 
of the employee in relation to the skill required for the activity. 

In [24, 25, 1, 12], the authors address the skilled workforce project scheduling 
problem considering different optimization objectives. In this problem, each project 
activity requires only one worker with a particular skill, and each available worker 
has different skills. In [24, 25], given a skill, for each worker that masters the skill, an 
efficiency level is defined (heterogeneous efficiencies in relation to each skill). In [1, 
12], workers with homogeneous efficiencies in relation to each skill are considered. 
The four works consider workers with homogeneous levels of effectiveness in relation 
to each skill. 

In [18, 14], the authors address the problem of scheduling multiple projects taking 
into account different optimization objectives. In [18], the authors consider human 
resources with homogeneous levels of effectiveness and heterogeneous efficiencies in 
relation to each skill. They also consider a specific workload capacity and cost per 
time unit for each resource. In [14], the authors consider human resources with 
different levels of effectiveness and heterogeneous efficiencies in relation to each 
skill.  

Unlike the above-mentioned works, in [27] the authors consider that the 
effectiveness of a human resource depends on various factors inherent to its work 
context. Then, it is possible to define different effectiveness levels in relation to 
different work contexts for each human resource. This is a very relevant aspect of [27] 
because, in real project scheduling problems, the human resources have different 
effectiveness levels in relation to different work contexts [2, 17, 26] and, thus, the 
effectiveness of a human resource needs to be considered in relation to its work 
context. To the best of our knowledge, the influence of the work context on the 
effectiveness of the human resources has not been considered in other works that 
address project scheduling problems. Because of this, we consider that the above-
mentioned work [27] states novel and valuable assumptions about the effectiveness of 
the human resources in the context of project scheduling problems. 

3 Problem Description 

In this paper, we address the project scheduling problem introduced in [27]. This 
problem is described below. 

A project contains a set A of N activities, A = {1, …, N}. The duration, precedence 
relations and resource requirements of each activity are known.  

The duration of each activity j is notated as dj. Moreover, it is considered that pre-
emption of activities is not allowed (i.e., the dj periods of time must be consecutive).  

Among some project activities, there are precedence relations due to technological 
requirements (i.e., each of the activities consumes products generated by other 
activities). Thus, the precedence relations establish that each activity j cannot start 
until all its immediate predecessors, given by the set Pj, have completely finished. 
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Project activities require human resources – employees – skilled in different 
knowledge areas. Specifically, each activity requires one or several skills as well as a 
given number of employees for each skill.  

Companies and organizations have a qualified workforce to develop their projects. 
This workforce is made up of a number of employees, and each employee masters one 
or several skills. 

Set SK represents the K skills required to develop the project, SK = {1,…, K}, and 
set ARk represents the available employees with skill k. Then, the term rj,k  represents 
the number of employees with skill k required for activity j of the project. The values 
of the terms rj,k are known for each project activity. 

It is considered that an employee cannot take over more than one skill within a 
given activity. In addition, an employee cannot be assigned more than one activity at 
the same time.  

Based on the previous assumptions, an employee can be assigned different 
activities but not at the same time, can take over different skills required for an 
activity but not simultaneously, and can belong to different possible sets of employees 
for each activity. 

As a result, it is possible to define different work contexts for each available 
employee. It is considered that the work context of an employee r, denoted as Cr,j,k,g, 
is made up of four main components. The first component refers to the activity j 
which r is assigned (i.e., the complexity of j, its domain, etc.). The second component 
refers to the skill k which r is assigned within activity j (i.e., the tasks associated to k 
within j). The third component is the set of employees g that has been assigned j and 
that includes r (i.e., r must work in collaboration with the other employees assigned to 
j). The fourth component refers to the attributes of r (i.e., his or her experience level 
in relation to different tasks and domains, the kind of labor relation between r and the 
other employees of g, his or her educational level in relation to different knowledge 
areas, his or her level with respect to different skills, etc.). It is considered that the 
attributes of r could be quantified from available information about r (e.g., curriculum 
vitae of r, results of evaluations made to r, information about the participation of r in 
already executed projects, etc.). 

The four components described above are considered the main factors that 
determine the effectiveness level of an employee. For this reason, it is assumed that 
the effectiveness of an employee depends on all the components of his or her work 
context. Then, for each employee, it is possible to consider different effectiveness 
levels in relation to different work contexts. 

The effectiveness level of an employee r, in relation to a possible context Cr,j,k,g for 
r, is notated as erCr,j,k,g. The term erCr,j,k,g  represents how well r can handle, within 
activity j, the tasks associated to skill k, considering that r must work in collaboration 
with the other employees of set g. The mentioned term erCr,j,k,g takes a real value over 
the range [0, 1]. The values of the terms erCr,j,k,g inherent to each employee available 
for the project are known. It is considered that these values could be obtained from 
available information about the participation of the employees in already executed 
projects. 
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The problem of scheduling a project entails defining feasible start times (i.e., the 
precedence relations between the activities must not be violated) and feasible human 
resource assignments (i.e., the human resource requirements must be met) for project 
activities in such a way that the optimization objective is reached. In this sense, a 
priority objective is considered for project managers at the early stage of the project 
schedule design. The objective is that the most effective set of employees be assigned 
each project activity. This objective is modeled by Formulas (1) and (2). 

Formula (1) maximizes the effectiveness of the sets of employees assigned to the N 
activities of a given project. In Formula (1), set S contains all the feasible schedules 
for the project in question. The term e(s) represents the effectiveness level of the sets 
of employees assigned to project activities by schedule s. Then, R(j,s) is the set of 
employees assigned to activity j by schedule s, and the term eR(j,s) represents the 
effectiveness level corresponding to R(j,s). 

Formula (2) estimates the effectiveness level of the set of employees R(j,s). This 
effectiveness level is estimated calculating the mean effectiveness level of the 
employees belonging to R(j,s). The mean effectiveness level is used because of the 
reasons presented below. It is considered that the sets of employees are assigned to 
project activities with the following properties. First, in the activities considered here, 
the effectiveness level of a set of employees depends on the effectiveness level of 
each employee belonging to the set. Second, the higher the sum of the effectiveness 
levels of those employees, the higher the effectiveness of the set. In the case of project 
activities with the properties mentioned, it is considered that the mean effectiveness 
level of the employees of a set is a good predictor of the effectiveness of the set. This 
is because the mean effectiveness level of the employees of a set is directly 
proportional to the sum of the effectiveness levels of those employees. Specifically, 
the higher the sum of the effectiveness levels of the employees, the higher the mean 
effectiveness level. Thus, if the mean effectiveness level is used as a predictor, the 
higher the sum of the effectiveness levels of the employees, the higher the 
effectiveness of the set.  

For a more detailed discussion of Formula (1) and Formula (2), we refer to [27]. 
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4 Memetic Algorithm 

To solve the problem, we propose a memetic algorithm. This is a hybrid algorithm 
that combines an evolutionary algorithm and a local search algorithm [11, 28, 29]. 
Specifically, the memetic algorithm incorporates a local search stage into the 
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framework of an evolutionary algorithm. The incorporation of a local search stage 
into the evolutionary framework has the aim of fine-tuning the solutions obtained in 
each cycle of the evolutionary algorithm. Thus, the evolutionary-based search is 
augmented by the addition of one stage of local search [11]. 

The general behavior of the memetic algorithm is shown in Fig. 1 and is described 
as follows. Considering a given project, the algorithm starts the evolution from an 
initial population of solutions in which each solution codifies a feasible project 
schedule. Then, each solution of the population is decoded (i.e., the related schedule 
is built), and evaluated according to the optimization objective of the problem by a 
fitness function. As explained earlier, the objective is to maximize the effectiveness of 
the sets of employees assigned to project activities. In relation to this objective, the 
fitness function evaluates the assignments of each solution based on knowledge about 
the effectiveness of the employees involved in the solution. Then, a selection process 
is used to select a number of solutions from the current population according to a 
selection strategy. The selected solutions are paired, and a crossover process is 
applied to each pair of solutions to generate new feasible ones. Then, a mutation 
process is applied to the generated solutions by the crossover. Then, a standard local 
search improvement algorithm [11] is applied to the generated solutions by the 
mutation. This local search algorithm is aimed at fine-tuning solutions. Finally, a 
replacement strategy known as deterministic crowding [11] is used to create a new 
population from the solutions in the current population and the new generated 
solutions.  

This process is repeated until a predetermined number of repetitions or iterations is 
reached. 

 
BEGIN 
      CREATE initial population; 
      EVALUATE each candidate solution; 
      REPEAT UNTIL ( number of iterations is reached ) DO 
           SELECT parents; 
           RECOMBINE pairs of parents to produce offspring; 
           MUTATE offspring; 
           EVALUATE offspring; 
           IMPROVE offspring via Local Search; 
           CREATE new population; 
      OD 
END 

Fig. 1. General behavior of the memetic algorithm 
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4.1 Representation of Solutions 

Each solution in the memetic algorithm population represents or encodes a feasible 
project schedule. In this respect, we used an appropriate representation to project 
schedules. This representation was introduced in [27].  

Each solution is represented by two lists having as many positions as activities in 
the project. The first list is a standard activity list [19]. This list is a feasible 
precedence list of the activities involved in the project (i.e., each activity j can appear 
on the list in any position higher than the positions of all its predecessors). The 
activity list describes the order in which activities shall be added to the schedule. 

The second list is an assigned resources list [27]. This list contains information 
about the employees assigned to each activity of the project. Specifically, position j 
on this list details the employees of every skill k assigned to activity j. 

In order to build the schedule related to the representation, we considered the serial 
schedule generation method [19]. In this method, each activity j is scheduled at the 
earliest possible time. 

4.2 Initial Population 

In order to generate each solution of the initial population, we used a two-stage 
process introduced in [27]. The first stage defines a feasible activity list. This stage 
begins with an empty activity list. The next activity for the list is randomly taken from 
the activities not yet inserted on the list while all its predecessors have already been 
inserted in it. 

The second stage defines a feasible assigned resources list. This stage assigns 
employees to each project activity. Each activity j requires rj,k employees with skill k 
(k = 1,…, K). For each activity j, rj,k  employees with skill k (k = 1,…, K) are randomly 
selected from the group of available employees with skill k, ARk, and the selected 
employees are assigned to activity j (i.e., are assigned to position  j of the assigned 
resources list). 

This process guarantees that the precedence relationships between the activities are 
not violated and that the human resource requirements for each activity are met during 
the construction of each solution. 

4.3 Fitness Function 

The fitness function evaluates a given solution in relation to the predefined 
optimization objective. In this case, the objective is to maximize the effectiveness 
level of the sets of employees assigned to the project activities. 

Given a solution to a project p, the fitness function decodes the schedule s related 
to the solution by using the serial method mentioned in Section 4.1. Then, the  
function calculates the value of the term e(s) corresponding to s (Formulas (1) and 
(2)). This value determines the fitness level of the solution. The term e(s) takes a real 
value over [0, …, N]. 
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To calculate the term e(s), the function utilizes the values of the terms erCr,j,k,g 

inherent to s (Formula 2). As was mentioned in Section 3, the values of the terms 
erCr,j,k,g  inherent to each available employee r are known.  

4.4 Selection, Crossover and Mutation 

In relation to the selection process, we applied the 2-tournament selection scheme, 
one of the most applied in the literature [11, 13]. 

The crossover and mutation operators were defined on the basis of the 
representation used for the solutions. Thus, the crossover operator contains a feasible 
crossover operation for activity lists and a feasible crossover operation for assigned 
resources lists. For activity lists, we considered the two-point crossover developed by 
Hartmann [16]. For assigned resources lists, we considered the standard uniform 
crossover [27]. The crossover operator is applied with a probability of Pc. 

The mutation operator contains a feasible mutation operation for activity lists and a 
feasible mutation operation for assigned resources lists. For activity lists, we consider 
the mutation operation introduced in [27]. This operation is an adaptation of the 
procedure proposed by Boctor [8] in his simulated annealing algorithm to generate a 
neighbour. The behaviour of the operation is as follows. For each activity on a given 
activity list, a new position is randomly chosen. In particular, the new position must 
be higher than the position corresponding to any of the activity’s predecessors, and 
lower than the position corresponding to any of the activity’s successors. The activity 
is inserted in the new position with a probability of Pm. For assigned resources lists, 
we consider the mutation operation introduced in [27]. The behaviour of this 
operation is as follows. For each activity on a given assigned resources list, the 
operation defines a new resource assignment with a probability of Pm. In case a new 
resource assignment needs to be defined for a given activity, the operation considers 
the second stage of the mechanism used to create the random solutions of the initial 
population (Section 4.2).  

4.5 Local Search Algorithm 

In order to fine-tune the solutions obtained after the mutation process, a standard local 
search algorithm [11] is applied to each of these solutions.  

This local search algorithm is an iterative algorithm that starts from a given 
solution x and then searches the solutions in the neighbourhood of x to find a solution 
x’ that performs better than x. If in the neighbourhood of the current solution x a better 
solution x’ is found, it replaces the current solution and the local search is continued 
from x’; if no better solution is found, the current solution x is considered a local 
optimal solution and the algorithm terminates in x. 

The described local search algorithm has two main parameters: the pivot rule and 
the move operator. The pivot rule determines which neighbouring solution replaces 
the current one (e.g., the first found highest fitness solution, the best solution of the 
neighbourhood, etc.). The move operator generates neighbouring solutions of the 
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current solution. In this respect, different move operators could generate different 
neighbouring solutions (i.e., different neighbourhoods) [11].  

The two above-mentioned parameters affect the performance of the local search 
algorithm, both in terms of time taken, and in the quality of solution found [11].  

5 Computational Experiments 

In this section, we describe the computational experiments developed to evaluate the 
performance of the memetic algorithm and we analyze the obtained results. Then, we 
compare the performance of the memetic algorithm with that of the evolutionary 
algorithm previously proposed in [27] for solving the addressed problem. 

In order to develop the experiments, we selected test instances of the standard sets 
j30, j60, and j120 from PSPLIB [21], and then we extended the content of the selected 
instances with the aim of adapting these instances to the characteristics of the 
proposed algorithm. Table 1 shows the characteristics of the instance sets defined to 
develop the experiments. 

Table 1. Characteristics of instance sets 

Instance set Activities per 
instance 

Possible sets of employees per 
activity 

Instances 

j30_5 30 1 to 5 40 
j30_10 30 1 to 10 40 
j60_5 60 1 to 5 40 
j60_10 60 1 to 10 40 
j120_5 120 1 to 5 40 
j120_10 120 1 to 10 40 

 
For each instance selected from PSPLIB, we defined all the terms erCr,j,k,g  inherent 

to each employee r of the instance - these terms are defined considering each of the 
possible work contexts for r in the instance - and a random value over [0, 1] for each 
of the above-mentioned terms.  

Then, for each extended instance, we designed an optimal solution with the aim of 
using it as a reference. Specifically, for each extended instance, we designed a 
feasible solution s. Solution s was designed by the mechanism described in Section 
4.2. Then, we defined all existing terms erCr,j,k,g in the solution s. We assumed a value 
equal to 1 (maximal value) for each of the terms, and we added them to the content of 
the instance, together with the assumed values. When adding the assumed values to 
the content of the instance, the level e(s) of the solution s is equal to N (N is the 
number of activities of the instance). Thus, we defined a feasible solution s with a 
level e(s) equal to N for the instance. Considering that N is the maximal level for the 
solutions of an instance with N activities, the defined solution s can be considered as 
an optimal solution. 
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The memetic algorithm has been tested 20 times on each of the extended instances. 
Table 2 gives the parameter values used for these experiments. The parameters were 
fixed thanks to preliminary experiments that showed that these values led to the best 
and most stable results.  

Table 2. Parameter values of the memetic algorithm 

Parameter Value 
Crossover probability Pc 0.8 
Mutation Probability Pm 0.05 
Population size 90 
Number of generations 300 
Parameters of the local search algorithm  
Pivot rule  The current solution must be replaced by 

the first found highest fitness neighbor  
Move operator Insert mutation [11] 

 
Table 3 reports the results obtained by the experiments. Column 2 reports the 

average percentage deviation from the optimal solution (Av. Dev. (%)) for each 
instance set. Column 3 reports the percentage of instances for which the value of the 
optimal solution is achieved at least once among the 20 generated solutions (Optimal 
(%)). 

Table 3. Results obtained by the computational experiments 

Instance set Av. Dev. (%) Optimal (%) 
j30_5 0 100 
j30_10 0 100 
j60_5 0 100 
j60_10 0.1 100 
j120_5 0.75 100 
j120_10 0.91 100 

 
The results obtained by the algorithm for j30_5, j30_10 and j60_5 indicate that the 

algorithm has found an optimal solution in each of the 20 runs carried out on each 
instance of the sets. 

The Av. Dev. (%) obtained by the memetic algorithm for j60_10, j120_5 and 
j120_10 is greater than 0%. Considering that the instances of j60_10 and the instances 
of j120_5 and j120_10 have known optimal solutions with a level e(s) equal to 60 and 
120 respectively, we analyzed the meaning of the average deviation obtained for each 
one of these sets. In the case of j60_10, an average deviation equal to 0.1% indicates 
that the average value of the solutions obtained by the algorithm is 59.94. In the case 
of j120_5 and j120_10, average deviations equal to 0.75% and 0.91% indicate that the 
average value of the solutions obtained by the algorithm is 119.1 and 118.908 
respectively. Therefore, we may state that the algorithm has obtained very high 
quality solutions for the instances of j60_10, j120_5 and j120_10. 
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Moreover, the Optimal (%) obtained by the algorithm for j60_10, j120_5 and 
j120_10 is 100%. These results indicate that the algorithm has found an optimal 
solution in at least one of the 20 runs carried out on each instance of the sets. 

5.1 Comparison with a Competing Algorithm 

In this section, we compare the performance of the memetic algorithm with that of the 
evolutionary algorithm previously proposed in [27] for solving the addressed 
problem. For simplicity, we will refer to the evolutionary algorithm proposed in [27] 
as algorithm E. Unlike the memetic algorithm, the algorithm E is not a hybrid 
algorithm. The framework of the algorithm E is a standard evolutionary framework 
and, therefore, only includes the standard evolutionary stages (i.e, selection of 
parents, crossover, mutation and selection of individuals for the next population). 

To develop the above-mentioned comparison, the algorithm E was run 20 times on 
each of the instances of the 6 sets. To perform these runs, the algorithm parameters 
were set with the values recommended in [27]. Table 4 shows the results obtained by 
the algorithm E on the 6 instance sets. 

Table 4. Results obtained by the algorithm E 

Instance set Av. Dev. (%) Optimal (%) 
j30_5 0 100 
j30_10 0 100 
j60_5 0.42 100 
j60_10 0.59 100 
j120_5 1.1 100 
j120_10 1.29 100 

 
The results reported in Table 4 and Table 3 indicate that the algorithm E and the 

memetic algorithm have obtained the same effectiveness level (i.e., an optimal 
effectiveness level) on the first two instance sets (i.e., the less complex sets). 
However, the effectiveness level obtained by the memetic algorithm on the last four 
instance sets (i.e., the more complex sets) is higher than the effectiveness level 
obtained by the algorithm E on these sets. The memetic algorithm has outperformed 
the algorithm E on the four more complex instance sets. The main reason for this is 
that, in contrast with the algorithm E, the memetic algorithm incorporates a local 
search algorithm into the evolutionary framework and this local search algorithm fine-
tunes the solutions obtained in each evolutionary cycle. Thus, the memetic algorithm 
can reach more effective solutions than the algorithm E on the more complex instance 
sets. Based on the above-mentioned, the memetic algorithm may be considered to 
obtain higher-quality solutions than the algorithm E. 
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6 Conclusions 

We have addressed the project scheduling problem introduced in [27]. In this 
problem, it is considered a priority optimization objective for managers at the early 
stage of scheduling. This objective is to maximize the effectiveness level of the sets of 
employees assigned to the project activities. In the problem, it is considered that the 
effectiveness level of an employee depends on different factors inherent to his or her 
work context. Therefore, it is possible to define different effectiveness levels in 
relation to different work contexts for each employee. To the best of our knowledge, 
the influence of the work context on effectiveness of the employees has not been 
considered in works previous to [27]. 

To solve the problem, we have proposed a memetic algorithm. This is a hybrid 
algorithm that combines an evolutionary algorithm and a local search algorithm. 
Specifically, the memetic algorithm incorporates a local search stage into the framework 
of an evolutionary algorithm with the aim of fine-tuning the solutions obtained in each 
cycle of the evolutionary algorithm. Thus, the evolutionary-based search is augmented 
by the addition of one stage of local search. 

To evaluate the performance of the proposed memetic algorithm, we have presented 
the computational experiments carried out on six different instance sets. Besides, we 
have compared the performance of the memetic algorithm with that of the evolutionary 
algorithm previously proposed in [27] for solving the addressed problem. 

Based on the results obtained by the memetic algorithm for each one of the six sets, 
we may state that this algorithm has reached an optimal level of effectiveness on the 
first three sets, and that the algorithm has reached a high level of effectiveness on the 
remaining three sets. Furthermore, as a result of the comparative analysis conducted, 
we may state that the memetic algorithm has been shown to be more effective than the 
evolutionary algorithm proposed in [27] on the used instance sets. Thus, we consider 
that the memetic algorithm may be used to obtain higher-quality solutions than the 
evolutionary algorithm proposed in [27]. 

In future works, we will include other relevant optimization objectives into the 
addressed problem (e.g., the minimization of the project makespan and the 
minimization of the project cost) and we will adapt the fitness function of the 
proposed memetic algorithm. On the other hand, in future works, we will propose 
new feasible crossover and mutation processes for the used representation of 
solutions. 

Considering that the proposed algorithm uses knowledge about the effectiveness of 
the employees in relation to different work contexts, future research should be 
conducted in order to develop approaches that automatically estimate the effectiveness 
levels of the employees from available information about the participation of the 
employees in already executed projects. These approaches will complement our 
algorithm. 
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Abstract. In this paper we present a hybrid method for identifying suspicious
behavior in transactional data by combining techniques from outlier detection
and subgroup discovery. Most existing outlier detection approaches focus on
the identification of single outliers without providing a description of these out-
liers. Moreover, these methods find single outliers instead of groups of outlying
records. However, when searching for fraud, it is important to analyze data not on
the level of single records but on a higher, group level, such as sets of records of
customers, shops, etc. Our method is able to analyze data on such a higher level
and additionally it provides descriptions of groups of found outliers.

The method involves three steps: scoring of individual records with help of a
newly proposed outlier measure which is calculated with help of random forests,
identification of unusual groups of records with help of subgroup discovery tech-
niques, and finally, identify the most deviating entities such as shops, hospitals.

Keywords: subgroup discovery, outlier detection, fraud detection, random
forests.

1 Introduction

The main motivation for this paper comes from a real life problem where we are inter-
ested in detecting fraud in health insurance data. After trying out several standard outlier
detection approaches, we found that from the business point of view single outliers are
not that interesting, and it is much more valuable to know if groups of records of for
example a pharmacy or dentist as a whole can be labeled as anomalous. Furthermore,
especially distance-based outlier detection methods lack any form of interpretability.
When working with a domain expert, who is for example an expert in medicine or
dental treatments, it is much more efficient to provide easy to understand descriptions
of outliers rather than to present single cases iteratively. Our goal is thus to construct
an outlier detection system that provides easy to understand descriptions of groups of
outlying records, and can label care givers like pharmacies and dentists as being fraud-
ulent or not. Ideally the output of our approach should be like: “Dentist number 142
is suspicious, because the group of patients of this dentist with characteristics A and B
significantly differs from others”.

The paper is organized as follows: We start with related work on outlier detection,
random forests, and methods that provide feedback on outliers. Next we describe back-
ground knowledge of subgroup discovery, which is needed to understand our approach.
In the third section we describe our approach in three steps. Section four contains ex-
perimental results on a real life health insurance dataset and on the publicly available
abalone dataset.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 174–185, 2012.
c© Springer-Verlag Berlin Heidelberg 2012
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2 Related Work

Our approach combines several techniques from the field of machine learning: distance-
based methods for detecting outliers, a powerful regression method, called Random
Forests, and subgroup discovery. It can be considered an unsupervised learning prob-
lem, so outliers are not labeled beforehand. We will discuss related approaches in this
section first, and then provide some background information about subgroup discovery.

Approaches to outlier detection that involve measuring the distance between single
records can be split into the following three categories: depth-based methods, distance-
based methods, and density-based methods. Depth-based methods measure the dis-
tance from a point to the center of the data – therefore the term depth. Points that
have the biggest distance to the center are considered outliers [13]. The main disad-
vantage of depth-based methods is their inability of handling clusters in data – they
assume that data form a single cluster. Distance-based methods require a distance mea-
sure to determine the distance between two instances. The main idea is that the distance
between outlying instances and their neighbors is bigger than the distance between nor-
mal instances and their neighbors, [7]. Density-based methods measure outlierness of
a point by analyzing the distances between the point and points in its local neighbor-
hood. Examples of density-based measures are the Local Outlier Factor (LOF), [4],
the Connectivity-based Outlier Factor (COF), [14], or the Multi-granularity Deviation
Factor (MDEF), [11].

The concept of random forests was introduced by Leo Breiman in 2001 [3], and
since then it became one of the most prominent technique for solving classification and
regression problems [15]. The key idea behind this technique is a construction of many
(hundreds) of de-correlated classification or regression trees and then aggregating their
predictions. This leads to models with very good accuracy. Moreover, forests determine
a proximity measure on data points: the more frequently two points fall into the same
leaf the higher their proximity. Random forests were successfully used for intrusion de-
tection, [18]. The authors first label the data by a number of classes, including a class
that correspond to intrusion. Next, they build a random forest for the corresponding
classification problem and use the induced proximity matrix to find outliers. Outliers
are defined as points having a relatively low proximity to the points of the same class.
Another approach to outlier detection, [9], uses randomized trees called I-trees. Simi-
larly to random forests, a large collection of trees is generated automatically from data;
trees are grown until each leaf shrinks to a single point. Outlierness of a point is mea-
sured by the depth (the distance to the root) of a leaf that contains this point; the smaller
the depth the higher the outlierness of the point.

There has been research in the area of finding the so-called intentional knowledge of
outliers, [7]. The intentional knowledge is defined as a set of dimensions that is small
enough for an instance to be considered an outlier. Removal of any of these dimensions,
and recalculating the score afterwards, would result in the instance not being considered
an outlier anymore. A method described in [17] first labels records as outliers using
their smartsifter algorithm, and then creates the so-called stochastic decision list: a set
of rules in the form constraints→ outlier with a probability higher than a predefined
threshold. The focus in this article is on the on-line part of the outlier detection process,
and the main purpose of the decision lists is classification rather than description.
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Yet another approach to finding outlying groups of records is presented in [20] and
[19], where knowledge of already found outliers is used for searching for new outliers.
The method can only be used if some cases are labeled as outliers. First, with the use
of an unsupervised learning method, instances are ranked by a scoring function that
is based on the Multi-granularity Deviation Factor (MDEF), [10], where a high score
indicates a high probability of being an outlier. From this set, the records with the lowest
score are put in a set together with the known outliers. A Support Vector Machine
model is then trained on this set in an iterative way, after which the fraction of the data
classified as positive by the SVM is selected as the outlying set.

Subgroups can also be thought of as multi dimensional cubes containing data points.
In [1] the authors propose an evolutionary search algorithm to find multi-dimensional
cubes with a very low density, where large cubes with few points have a low density.
These cubes are the subgroups that describe the outliers.

2.1 Background: Subgroup Discovery

In its general form, subgroup discovery [16], is defined as follows: Given a population
of individuals and a property of those individuals we are interested in: find population
subgroups that are statistically ‘most interesting’. For example, subgroups that are as
large as possible and have the most unusual statistical characteristics with respect to
the property of interest. A special type of subgroup discovery is the problem of mining
contrast sets [2], where one searches for subgroups of records that can be defined by a
conjunction of several attribute-value combinations. Yet another approach to subgroup
discovery, called exceptional model mining, is presented in [8]. This time one measures
the interestingness of a group of records by the exceptionality of a model that is fitted
to this group.

We will describe subgroup discovery here in more detail. A subgroup discovery
approach consists of a description of a subgroup, which are in our case ‘rectangu-
lar descriptions’: conjunctions of the form <attribute, condition, value>, for example
age ≤ 18. An interestingness measure is used to quantify the interestingness of such
subgroups. In order to find interesting subgroups a search strategy has to be used, be-
cause the number of all possible conjunctions of attribute value pairs is usually too big
to enumerate.

We can either use an outlier score as a continuous target variable, or we can use being
an outlier or not as a binary target variable. In this paper we will use being an outlier as
a binary property. We will explain an interesting measure for this case. Interestingness
measures for continuous variables can be found in [12].

Interestingness Measure for Binary Target Variable. Subgroup discovery interest-
ingness measures usually operate on the 2x2 contingency table of the subgroup and
the target variable. When we have two binary properties, named S of a record in the
database belonging to a subgroup, and T indicating whether the target variable is zero
or one, the weighted relative accuracy (WRAcc) is defined as:

WRAcc = P (S)(P (T |S)− P (T )) = P (TS)− P (T )P (S), (1)
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where P (S) is the fraction of data belonging to subgroup S, P (T ) is the fraction of
data for which the target variable is true, and P (TS) is the fraction within the data for
which the subgroup and the target variable are true. Other interestingness measures are
for example accuracy, relative risk, and the odds ratio [6].

Subgroup Discovery Search Process. Subgroup discovery approaches try to find sub-
groups for which the interestingness measure is as high as possible. Usually a heuristic
search algorithm like beam search or evolutionary search algorithm is used to find in-
teresting subgroups.

3 Our Approach

The method we propose in this paper addresses the multi-level nature of transactional
data. We will demonstrate our approach on the health care domain. In this case we
have a database D with records, where each record is an aggregation of costs spent on
(dental) treatments by a patient in a certain time period. In this section we will use this
domain to explain our approach.

The detection process is split into three phases:

1. Finding outliers on individual (patient) level. Here we search for patients with over-
all spending or claim pattern deviating from others. To model spending patterns and
to measure similarity between individuals we develop an ensemble of regression
trees (a random forest) together with the underlying proximity measure.

2. Finding descriptions of deviating groups: minimal sets of attributes that contribute
most to their interestingness. Here we deploy methods from subgroup discovery
to compare each group against all remaining group and to rank all groups by their
interestingness.

3. Finding outliers on a group (e.g., all patients of a dentist) level. Here we use an
interestingness measure commonly used for subgroup discovery, described in more
detail below.

3.1 Step 1: Finding Outliers on Individual (Patient) level

Methods for detecting outliers in data operate on vectors of fixed lengths. However,
data stored by insurance companies is more complex: for a single patient there might
be several records available (e.g., one record per each treatment received by the pa-
tient). Additionally, records related to patient’s age, gender, marital status, etc. are also
stored. Therefore, before applying any method for detecting outliers, an aggregation of
available records, on patients’ level, should take place. This can be done in many ways;
usually several trial and error attempts will provide a workable aggregation scheme.

In our experiments we decided to represent each patient by a binary vector that rep-
resents a set of treatments received by the patient within the last 12 months. More
precisely, assuming that the number of possible treatments is k (in our case k = 141),
each patient is represented by a binary vector of length k, such that the presence of 1
at the i-th position indicates that the patient received the i-th treatment within the last
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year. In addition to ‘treatment vectors’, we assign to each patient a ‘target’ variable: the
total cost of related treatments. Moreover, a number of ‘personal data’, such as age and
gender are also attached to each patient.

Most outlier detection methods require a distance measure. However, common dis-
tance measures, such as Euclidean distance, Hamming distance, Jaccard coefficient,
etc. do not address aspects that are related to fraud. Usually, in the context of fraud,
variables that are strongly related to costs are more important than remaining variables.
Therefore, we propose a new distance measure, which takes into account both the cost-
related variables and the deviations in predicted costs. We achieve this with help of a
random forest - a big collection of trees - that is used to model the relation between
input variables (‘treatment vectors’) and the ‘target variable’ - total costs. Once a ran-
dom forest is trained, we will use it for measuring the distance between individuals.
This distance measure, combined with the with prediction errors made by the forest,
will lead to our outlierness measure: a local residual-based outlier score. Now we will
explain our method in more detail.

Random Forests,[3,15], are big collections of classification or regression trees that
are build on bootstrapped samples of all records, i.e., samples of N records drawn with
replacement from the whole set of records of size N . There are good heuristics avail-
able for setting parameters like the number of trees, and generally the method is not very
sensitive to the choice of parameters. In our case, we will use random forests both for
measuring the distance (or proximity) between patients and for estimating their costs.
The proximity of two records, with respect to a random forest, is defined as the percent-
age of leaves that contain both records, counted over all trees from the forest. In this
way, the similarity between two records depends mainly on predictors that contribute
to similar costs. Therefore, the distance measure that is induced by a random forest is
sensitive only to attributes that affect the target variable - cost. This is exactly what we
need when clustering data in the context of fraud detection.

This approach can only be applied to a transactional data set for which costs are
aggregated. The transition of the explanatory variables from a numeric vector to a binary
vector does not make sense for data sets with only explanatory variables like age or
gender, and also the choice of the target variable is not clear. In that case other outlier
scores can be used, which we show in our experimental results section.

Using the generated random forest we can define a new outlierness measure: the
local residual outlier score (LRBOS) that can be applied to any record in the database.

The Local Residual Score is based on the proximity matrix of the random forest
algorithm, and the out of bag predictions of the observations [15]. Proximity between
any two observations is defined as a fraction of trees in the random forest for which
these two observations belong to the same leaf. To obtain a distance measure, we define
the distance between two observations x, y as distance(x, y) = 1− proximity(x, y).

Let Sp(r) be the set of nearest neighbors of a point p within radius r, r ∈ [0, 1],
according to the distance measure defined by the proximity, including the point p itself.
Let resp denote the residual of the predicted value at p defined as y − oob(p), where
oob(p) is value of the out of bag prediction of p and y is the target variable. Next, we
define the average r-density of p and the standard deviation of its r-density by μp(r) and
σp(r). These are calculated as the mean of resx, x ∈ Sp(r) and the standard deviation
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of resx, x ∈ Sp(r). The final Local Residual Based Outlier Score (LRBOS) is defined
as the z-score of the local residual:

LRBOSr(p) =
resp − μp(r)

σp(r)
(2)

It can be noticed that a global outlier score is a special case of the Local Residual Based
Outlier Score with r = 1. To calculate a score to identify local outliers, r should be
smaller than one.

3.2 Step 2: Finding Descriptions of Deviating Groups

In the second step of our approach we try to describe regions of the data set that contain
relatively many outliers. In subgroup discovery terminology: we try to find subgroups
with a high interestingness measure for the rule: subgroup→ outlier

We will use a modified version of the Weighted Relative Accuracy to evaluate the
rule interestingness for different subgroups. We use a modified version of the ‘standard’
Weighted Relative Accuracy because users should be able to alter the interestingness
measure according to their needs. Within our approach the target group is fixed: we
define being an outlier as a binary property by using a threshold on the outlier score. A
cut-off point determining whether an observation is considered an outlier or not can be
set by a domain expert (by observing some of the outliers), or can be set by observing
the distribution of the outlier score.

We obtain descriptions of outliers by finding subgroup descriptions with a high value
for the ‘standard’ Weighted Relative Accuracy for the rule subgroup → outlier. We
use beam search to find the most interesting subgroups. For the search process we only
set restrictions on the beam width and the depth of the search, not on the value of the
interestingness measure or the coverage of the subgroups.

After observing the descriptions of outliers, the user may conclude that the interest-
ingness measure is not specific or not general enough. Descriptions may, for example,
contain too many false positives according to the user. We describe here a modified
interestingness measure for the case of a binary target variable.

Modified Score. Users can decide to put more weight on accuracy or generality, ac-
cording to their needs. We explain here how scores can be altered by two parameters λ1

and λ2. The Weighted Relative Accuracy is defined as:

WRAcc = p(S)(p(T |S)− P (T )) = p(TS)− p(T )p(S), (3)

where T stands for target, and S for subgroup, so it is an interestingness measure for the
rule subgroup→ target. In order for the user to trade off generality against accuracy,
we introduce two weights λ1 and λ2 into the WRAcc measure that can be adjusted by
the user.

ModifiedWRAcc = λ1P (TS)− λ2P (T )P (S), (4)
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where T stands for the target variable, S for the subgroup, λ1 weights the importance
of the coverage, and λ2 weights the importance of the accuracy. A very high value for
λ2/λ1 corresponds to measuring accuracy only, a very low value corresponds to mea-
suring coverage only. The following heuristic can be used when setting λ2/λ1: First
start with λ2/λ1 = 1, which corresponds to the weighted relative accuracy interest-
ingness measure. When a higher accuracy is needed, the factor λ2/λ1 can be doubled
until the subgroups are accurate enough. A similar heuristic can be used when a higher
coverage is needed, only then halving λ2/λ1 each time.

3.3 Step 3: Finding Outliers on a Group Level

After performing the subgroup discovery step, the last step is the identification of pos-
sible fraudsters. Remember that each record in the database belongs to a single entity,
where an entity can for example be a shop, or in case of health insurance data a hospital,
pharmacy, etc. We identify ‘suspicious’ entities by measuring, for the most interesting
subgroups, the (modified) weighted relative accuracy of the rule:

subgroup→ entity

The measure is calculated for each entity for the top n most interesting subgroups dis-
covered in the subgroup discovery process, n is a parameter set by the user. In this way
we identify entities that are suspicious wrt different groups of outliers.

4 Results and Analysis

In this section we apply our method to two datasets. The first one is a real life dataset of
health insurance claims that were claimed by prosthodontist: dentists that are special-
ized in dental prosthesis. For the sake of reproducibility we demonstrate our approach
on the abalone dataset from the UCI Machine Learning repository, [5]. Here we try to
identify the most suspicious entity, where the entities are defined as male, female, and
infant Abalones.

4.1 Results on Prosthodontist Data

This dataset consists of health insurance claims made by about 500 prosthodontists. We
apply our approach to identify suspicious claim behavior.

Step 1: Finding Outliers on Individual (Patient) Level. Our dataset consists of
records from 500 prosthodontists and about 50,000 patients. Each patient belongs to
a single prosthodontist. Our target variable Y is the total claim amount of a patient
during a time period of one year. To predict this variable, we have 161 explanatory
variables at our disposal. These are: age, gender, 14 variables describing costs spent on
other dental care (other than prosthesis treatments), and 145 binary variables indicating
if a prosthesis treatment of a given type was claimed at least once during the last year,
or not.
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Constructing the Random Forest. We construct a random forest with 500 regression
trees. Already after 100 generated trees the average out of bag error stops decreasing,
but we want to make sure we have enough trees to estimate the proximities between
patients. At each step we select 50 splitting candidates at random. This parameter cal-
culated by the number of attributes divided by 3 is a standard choice for regression
based random forest, and turned out to work well in our case. We use a minimum leaf
size of 30. A lower leaf size has a somewhat higher accuracy (a MSE of 125.1 vs 126.8,
where the mean of the target variable is 457 and the standard deviation of the target
variable is 555), but since we are mainly interested in the proximity of points we use a
higher leaf size so points end up on the same leaf more frequently.

Next, we obtain the proximity matrix from the 500 fitted regression trees. We calcu-
late the local residual based outlier score with parameter r = 1. This corresponds to a
global outlier score, comparing all patients in the dataset with each other.

Step 2: Finding Deviating Subgroups. After visual inspection of the distribution of
the outlier scores, we decided to treat instances with an outlier score bigger than 2.5 as
outliers, which in our case means that about 2 percent of our data is declared anoma-
lous. This will be our target variable in the subgroup discovery process. Our explanatory
variables will be the same 161 variables that were used before, however, the 145 binary
variables are now replaced by continuous variables indicating the amount spent on a
treatment. We discover the most interesting subgroups by applying a beam search strat-
egy. It turned out that all interesting subgroups were found at depth two; increasing the
depth search did not lead to the discovery of more interesting subgroups. Because of
the small depth size we could use full enumeration of the search space to find the most
interesting subgroups.

After investigating the subgroups found it turned out that the standard WRAcc score
leads to too general subgroups. Therefore we applied the modified WRAcc score as
interestingness measure: λ1p(TS)− λ2p(T )p(S). After some trial and error we found
the best setup with λ2/λ1 = 2, that gives more weight to subgroup accuracy than to
subgroup size.

Step 3: Identifying Possible Fraudsters. We calculate the interestingness of the rule
subgroup → entity for the top 100 subgroups, and measure the interestingness for
all entities (prosthodontists). As an interestingness measure we use again the modified
WRAcc score with λ2/λ1 = 2. We plot the results for the most interesting subgroup
found during the subgroup discovery process in Figure 1. This is the subgroup with the
highest modified WRAcc score for the rule subgroup→ outlier . The most interesting
subgroup is described by ‘Costs spent on upper prosthesis ≥ 1050 Euro’. The distribu-
tions of the ‘Costs spent on upper prosthesis’ variable are given in Figure 1. The most
interesting rule found in the identification step is the subgroup with the highest WRAcc
score for the rule subgroup → entity. This is the rule ’Costs on Mesostructure: Two
magnets/buttons ≥ 1500 Euro → ProsthodontistId = 223’, for which the distributions
are given in Figure 2.

The figures show that these prosthodontists have different claim behavior. The distri-
bution of costs for upper prosthesis for the first prosthodontist has a fatter tail when
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Fig. 1. Distribution of costs on treatment ‘Upper prosthesis’. Only costs for patients that have
received this treatment are given. On the left the distribution of the costs per patient of all
prosthodontists are given, except for the suspicious prosthodontist for which the distribution is
given on the right. It can be seen that the distribution of the suspicious prosthodontist has a fatter
tail than the distribution of the other prosthodontists. This is exactly the outlier description that is
provided by the subgroup ‘Upper prosthesis ≥ 1050 Euro’.
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Fig. 2. Distribution of costs on treatment ‘Mesostructure: Two magnets/buttons’. Only costs for
patients that have received this treatment are given. On the left the distribution of the costs per
patient of all prosthodontists are given, except for the suspicious prosthodontist for which the dis-
tribution is given on the right. It can be seen that the distribution of the suspicious prosthodontist
is totally different from the others, and that the description ‘Two magnets/buttons ≥ 1500 Euro’
describes this difference in distributions.

compared to the costs of other prosthodontists. The distribution of costs of mag-
nets/buttons of the second prosthodontist is totally different than the distribution of
the costs of magnets/buttons of all other prosthodontists. Our approach measures the
outlierness by using all attributes in the random forest, so the outliers described in both
figures are not only outliers in the dimension that is plotted in the figures, but they also
can not be ‘explained’ by other variables.
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4.2 Results on Abalone Data

For illustrative purpose and reproducibility we show our results on the publicly available
dataset of abalone shellfish from the UCI Machine Learning Repository. To demonstrate
our approach, we use the 7 continuous variables from the data set: length, diameter,
height, whole weight, shucked weight, viscera weight and shell weight. We will use the
labels male, female and infant as entity labels later.

Step 1: Finding Outliers on Individual Level. For the abalone data set it makes no
sense to use the regression tree approach to calculate the distance measure, because
we have no target variable. However, our approach can still be used by plugging in a
different kind of outlier score in Step 1. In this step we use the Local Outlier Factor
[4] with parameter k equal to 100. After standardizing the columns of our dataset we
calculate the outlier score.

Step 2: Finding Descriptions of Deviating Groups. After analyzing the distribution
of the LOF scores we label outliers as those observations with a LOF Score of 4 or
higher, which means there are 32 outliers in our data set. To automatically generate
descriptions for regions containing many outliers, we perform subgroup discovery. As
an interestingness measure we use the Weighted Relative Accuracy.

Step 3: Finding Outliers on a Group Level. Since we don’t have a natural labeling
of individual abalone in the data set, we use the gender of the abalone as an artificial
label. From the top 20 subgroups found we investigate which of the three entities: Male,
Female, or Infant, is the most ’suspicious’. It is found that male Abalone is the most
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Fig. 3. Results on the abalone data. Abalone that are described by the subgroup are marked with
black empty squares. Points outside the subgroup are marked with blue dots. It can be seen that
black empty squares are indeed the outliers in these dimensions.
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suspicious entity for subgroup ranked number 6 (according to the WRAcc measure).
The description of the subgroup is:

Whole Weight ≥ -0.15848 ∧ Shucked Weight ≥ 10.75 ∧ Shell Weight ≤ 3.4925.
The results corresponding to these dimensions are given in Figure 3. In total, 14 out of
32 outliers are described by this subgroup of size 23.

We can conclude that male abalone are the most ‘suspicious’ for this subgroup.
Within the subgroup, 17 Abalone belongs to the entity Male, 6 of the Abalone belong
to the entity Female, and 0 belong to the entity Infant. This causes the highest value for
the WRAcc for the Male entity, because about 80 percent of this subgroup are of the
Male entity, where in the total data set this is about 36 percent.

5 Conclusions and Further Research

In the paper we presented a new method for detecting and describing suspicious claim
behavior in insurance data. The method makes an extensive use of Random Forests
for measuring the outlierness of single records and Subgroup Discovery algorithms for
detecting most deviating groups of outliers that can be described in terms of conjunc-
tions of very few constraints. We demonstrated working of the system on a real-life
dataset from an insurance company, generating statements like: “Dentist X is suspi-
cious, because the group of his patients, exhibits characteristics A and B which signif-
icantly differ from others”. We have illustrated our method, by finding two suspicious
prosthodontists: one with a simple pattern of overcharging a specific treatment, and an-
other one which was charging for another treatment in a completely different way than
others. For the sake of reproducibility of our results, we have also applied our method
to a publicly available Abalone dataset.

In future work we will compare this work with other methods related to subgroup
discovery and exceptional model mining [8]. Future work will also focus on the inho-
mogeneity of patients across care givers. Some pharmacies or dentists are specialized in
certain treatments, and are having different distributional characteristics because of this.
This inhomogeneity causes that standard benchmarking techniques are not applicable
anymore. Ideally we would like to develop a method that can automatically account for
this inhomogeneity in the data by comparing only patients with the same characteris-
tics and treatments with each other. Instead of using an outlier score which is based on
costs, we would like to measure more general deviations in the underlying probability
distributions.
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Abstract. Neural networks ensembles are powerful tools for solving modeling 
and time series forecasting problems. This approach is based on cooperative 
usage of neural networks for problem solving. The two major stages of the 
neural networks ensemble construction are: design and training of the compo-
nent networks and combining of the component networks predictions to pro-
duce the ensemble output. In this paper developed evolutionary approach for 
neural networks ensembles automatic design is reviewed briefly. This approach 
is based on the operators of the well-known evolutionary algorithms and re-
quires fewer parameters to be tuned providing more flexible and adaptive solu-
tions. Results of the neural networks ensemble approach applying for modeling 
of spacecrafts arrays degradation are discussed. 

Keywords: Evolutionary algorithms, neural networks, ensembles, simulation, 
solar arrays.  

1 Introduction 

Neural network ensemble is an approach based on joint usage of many trained neural 
networks for solving one problem [1]. It has been shown that generalization ability of 
neural network system can be improved by cooperation of a number of component 
neural networks which forms an ensemble. In general we need to execute two major 
steps to create an ensemble of neural networks. The first step is to design and train a 
number of component networks. The second step is to find a proper way to combine 
the component neural networks solutions.  

As to design and training of the component promising approaches developed in dif-
ferent works are based on the genetic algorithms (GA) [5]. However in these ap-
proaches a great number of GA parameters need to be tuned. In many cases, seeking 
of proper settings for GA is time-consuming and requires large computational re-
sources. An intuitive choice of GA parameters may reduce effectiveness. In this pa-
per, a probability-based approach is proposed to avoid these difficulties. We call this 
method Probability Generator for Networks Structures (PGNS). There are few of 
parameters to be set in PGNS, so it is easier to understand and to utilize this method 



 Neural Networks Ensembles Approach for Simulation of Solar Arrays 187 

 

for different problems. As to combining of the component neural networks predic-
tions, the most popular approaches are based on the plurality voting or the majority 
voting for classification problems and the simple or weighted averaging for regression 
problems [1], [4]. There are different ways to evaluate weights of the component net-
works [4], [6]. For example Jimenez uses weights determined by confidence of the 
component networks. Zhou, Wu and Tang utilize the genetic algorithm to find proper 
weights for each member of an ensemble [3]. Other diversity measure based and evo-
lutionary based techniques are also available [7-9]. 

We develop another approach which utilizes basic operators of genetic program-
ming to construct automatically formula which shows how to evaluate an ensemble 
prediction using component networks predictions. It involves different operations and 
math functions to combine the component networks predictions. It also automatically 
chooses component networks which are important for obtaining an efficient solution. 
This approach seems to be more flexible and adaptive than simple or weighted aver-
aging or voting. So efficiency and accuracy of solutions obtained can increase signifi-
cantly. We named this approach Genetic Programming based ENsembling (GPEN). 
Promising results were obtained by applying our approach for solving problem of 
designing the model for spacecraft solar arrays degradation prediction. 

We applied GPEN approach for simulation of solar arrays degradation process. It 
was shown that the large solar flares have a significant impact on the current generat-
ed by photovoltaic arrays and on spacecraft systems functioning altogether [14]. That 
is why it is very important to obtain precise information about current state of space-
craft solar arrays but often obtaining of such information is not possible or very ex-
pensive. One of ways out is to simulate process of solar arrays degradation involving 
relatively cheap measurements of integral fluence of protons and electrons. In Section 
3 results of simulation are discussed. 

2 Comprehensive Evolutionary Approach for Neural Networks 
Ensembles Automatic Design 

2.1 Probability Based Generator for Neural Networks Structures 

A great number of widely-used methods for design of neural networks are based on 
genetic algorithms. Such methods utilize the GA operators to build neural network 
structure. Apparently the genetic algorithm collects and processes statistical informa-
tion about neural networks structures during the run. Namely, it collects statistical 
information about the number of hidden layers, the number of neurons on each layer 
and the type of activation functions in each neuron of the network. 

However GA does not process this statistical information in an explicit form. In-
stead, the information is collected and processed implicitly by the GA operators. The 
proposed herein PGNS (Probability based Generator of neural Networks Structures) 
method collects and processes the statistical information in an explicit form. This 
method allows us to avoid tuning many GA parameters. It is based on the replacement 
of GA operators by operators similar to those of EDA-like probability-based genetic 
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algorithm [10], [11]. We propose a neural network design paradigm based on esti-
mated probability of the presence of certain kind neurons on the neural network hid-
den layers. By including of these estimated probabilities into our approach we can 
process the information about an optimal structure of the neural network in terms of 
mathematical statistics. This helps us to generate “good” neural networks. “Good” 
neural networks means that they are simple and have good generalization ability. For 
details see [12]. 

Experiments showed that the PGNS effectiveness is not lower than the effective-
ness of the conventional method based on genetic algorithm. The advantage of PGNS 
method is that there are fewer parameters to be tuned. This is critical for solving com-
plex problems, when tuning of many parameters is time consuming and requires large 
computational resources. 

2.2 Genetic Programming Based ENsembling 

The second major step of neural networks ensemble design procedure is the selection 
of networks which will be jointly used for solving the problem and finding out the 
way how to combine these networks predictions. Proposed herein GPEN method 
allows us to automatically select proper networks from a preliminary pool which is 
formed by PGNS method described above. Furthermore, the GPEN method allows us 
to automatically construct the ensemble prediction using the component networks 
predictions and different operations and mathematical functions.  

We suppose that it is possible to find more effective solutions by forming more 
complex mixtures of the component networks predictions compared with simple or 
weighted average or voting. To find such mixtures we use the genetic programming 
approach. The GPEN method automatically constructs a program using the genetic 
programming operators [13]. This program shows how to combine the component 
networks predictions in order to get a good ensemble prediction. The GPEN also se-
lects those networks which provide predictions to be taken into consideration by in-
cluding them into the set of input variables of the program.  

The GPEN constructs solutions with elements of terminal and functional sets being 
similar to the genetic programming approach. The main difference between the genet-
ic programming and the GPEN is that GPEN terminal set includes predictions of the 
component neural networks instead of independent variables. The functional set con-
sists of different operations and functions which specify the dependency between the 
ensemble prediction and the component networks predictions. 

The GPEN algorithm is similar to the original genetic programming approach. It 
includes the following steps: 

1. Identify the initial generation. 
2. Execute the following steps until the termination criterion is satisfied: 

(a) Calculate fitness for each individual. 
(b) Select individuals for crossover by applying the selection operator. 
(c) Create the new generation by execution of the following steps: 

(i) Create the new individual by applying the crossover operator. 
(ii) Modify the new individual with the mutation operator. 
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(iii) Copy some initial individuals in the new generation. 
3. The best found solution is declared as problem solution.  

This basic scheme is often modified by introducing different methods for tuning of 
coefficients. For details see [12]. 

The ensemble prediction generated by the GPEN is a function of the component 
neural networks predictions: 

( )nooofo ,...,, 21= . 

Here o is the ensemble prediction, io  is −i th component the neural network predic-

tion, n is the number of networks in the ensemble (or the preliminary pool). 
Proposed approach has several advantages. The main are: 

1. The GPEN method allows generating formulas for calculating the ensemble 
prediction more flexibly. These formulas define ways how to calculate ensemble 
predictions due to individual predictions of the neural networks which forms the 
ensemble. 

2. The GPEN method allows executing “fine” tuning of neural networks interac-
tion in the ensemble due to the inclusion of evolutionary algorithms for setting 
numerical coefficients in the method. 

3. The GPEN automatically chooses the input variables of ensemble model (out-
puts of component networks), which are probably the most important. Although 
such selection procedure is absent in explicit form. If maximum number of the 
neural networks in the ensemble or maximum number of hidden units in all the 
networks are limited then special limitation procedures may be introduced in expli-
cit form by modifying fitness function in the GPEN approach. For example, such 
procedures may be useful while designing neural networks systems with limited 
memory.  

It is important that the proposed comprehensive evolutionary approach for neural 
networks ensembles design (it consists of PGNS and GPEN) doesn’t rule out the pos-
sibility of the use of any of the specialized methods for neural networks training such 
as boosting, bagging and other similar methods. Similarly in the case of constructing 
an iterative procedure based on the proposed approach the objective function can be 
modified when designing and training component neural networks for example in 
accordance with the scheme of the negative correlation learning or other similar  
methods. 

3 Numerical Experiments 

It was shown that neural networks ensemble approach proposed above makes it poss-
ible to obtain precise simulation results for different kinds of modelling problems 
[12]. One of the benefits of this approach is that it generates ensemble almost auto-
matically. Because of it this approach can be widely used by specialist in different 
fields and it is not necessary for them to be specialist if evolutionary computation or 
neural networks. For the purpose of solving spacecraft solar arrays degradation  
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problem we adapted our program system “IT-PEGAS” and now it is easy to simulate 
solar arrays degradation processes for users of this application.   

As for the data set of solar arrays degradation problem it contains a number of ob-
servations of the spacecraft silicon-based solar arrays parameters and solar activity 
characteristics. Spacecraft is operating in the geostationary Earth orbit since 
3/12/2000. The main objective of the study is to design a model for prediction of the 
electrical characteristics of the spacecraft solar arrays.  

Concerning this fact we took into account the following components of space radi-
ation to design the model for prediction of radiation-induced degradation of the solar 
arrays which operate in the geostationary orbit: 

– Integral fluence of protons with energies < 3 MeV.  
– Integral fluence of protons with energies < 10 MeV.  
– Integral fluence of protons with energies < 100 MeV.  
– Integral fluence of electrons with energies < 0.6 MeV.  
– Integral fluence of electrons with energies < 2 MeV.  

We also used the following characteristics of the spacecraft while designing the pre-
diction model: duration of the spacecraft operation (a number of days) and coefficient 
of the spacecraft illumination intensity. The duration of the spacecraft operation was 
taken into consideration because it characterized the damages of the spacecraft from 
impacts of meteorites and ultraviolet radiation. 

The performance of the spacecraft solar arrays was observed by measurements of 
the current generated by them. 

The dataset was divided into two sets, a training set which includes data from the 
1st to the 169th observation day and a test set with data from 170th observation day. 
The training set is used for building the model. The test set is used only for forecast-
ing to test the performance of the model. 

To design the model for prediction of solar arrays degradation we used neural net-
work ensemble approach described above which was implemented in program system 
called “IT-PEGAS”. At the first stage we used PGNS method to form the preliminary 
pool of neural networks. Capacity of the preliminary pool was set to 20. As for candi-
date neural networks structures we decided to use quite simple multilayer perceptrons 
and set developed program system parameters by the following constraints:  the max-
imum number of hidden layers was equal to 2 and the maximum number of units on 
the hidden layer was equal to 5. There was no a priori information which could help 
to choose the parameters listed above and we used constraints similar to those used in 
other applications of our neural networks ensemble approach.    

While training candidate neural networks we used 7% relative error termination 
criterion that is why mean error of candidate neural networks in preliminary pool was 
close to 7% and was equal to 6.85%. Error of the “best” single neural network calcu-
lated using test sample was equal to 6.70%. For the model which output was calcu-
lated as mean of the outputs of the all 20 neural networks in preliminary pool error 
was equal to 5.54%. The average number of hidden units in preliminary pool neural 
networks is 6. 

After the completion of preliminary pool the GPEN method was applied to form 
the ensemble of neural networks and for designing the formula for ensemble predic-
tion calculation. We didn’t involve any possible constraints while designing the  
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formula using the GPEN method, it means we didn’t use the limitations concerning 
the number of networks in the ensemble and the total number of hidden (processing) 
units of ensemble members. We used this way for designing the prediction model 
because there were no constraints on computational complexity of the model. The 
obtained ensemble and formula were considered only in terms of precise computa-
tional procedure. We obtained the prediction model (consists of neural networks en-
semble and formula which shows how to evaluate solution of the ensemble) with the 
following characteristics: 

Ensemble consists of three neural networks. There are 4 hidden units in the first 
neural network and 6 hidden units in neural networks number 2 and 3.   

The formula for calculating the ensemble solution (o – output) is shown below: 
o = (((((a ⋅ x2 ⋅ x3

2) ⋅ (3 ⋅ x3+b)) ⋅ (3 ⋅ x3+b+x3+b2))/((9+x3 ⋅ (x3–x1))+(9.381+((((x1–
x2) ⋅ 4.354)/(a ⋅ 4.509))+x3–x1))))+x2). 

Here a = x1–x2, b = 7.525*a, x1, x2, x3 – are the outputs of the neural networks 
forming the ensemble.   

The error for test sample calculated is equal to 4.29%. The error was calculated ac-
cording the formula (1). 

We also obtain results for the GASEN approach. The error for test sample calcu-
lated using ensemble designed by the GASEN approach is equal to 5.23%. Relative 
improvement for our approach is about 20% (1% absolute improvement). For some 
problems such reduction of the modeling error is not significant but for highly precise 
space industry such improvements can bring a great economy of resources thanks to 
results obtained by more precise simulators.  

So there was a significant improvement of the performance in comparison with the 
average single network performance and performance of the model which output is 
the mean of all 20 networks from the preliminary pool. It is notable that the ensemble 
which consists of only three neural networks is 23% more efficient than the model 
which consists of 20 neural networks. 

To provide more objective comparison we obtained results for different algorithms 
widely-used for modelling and forecasting problems. We included in our test collec-
tion following algorithm and models: 

1. Single neural network model. We use genetic algorithm to generate the struc-
ture of neural network model and to adopt model’s weights. Multilayer perceptron 
was chosen as a basic topology of the neural network model. We carried out experi-
ments with two different neural network models with two and three hidden layers. 
Maximum number of neurons on each layer was preset to 5. We didn’t use neural 
networks with more hidden layers because the efficiency of such models was not 
improved in comparison with quite simple 2- and 3-layers solutions during test runs.  

2. Symbolic model designed by applying of Hybrid Genetic Programming method. 
Hybrid Genetic Programming method is based on Koza’s genetic programming me-
thod, but it includes additional steps which execute local search operations during 
modelling designing process.  

Models mentioned below were obtained by executing algorithms implemented in the 
program system developed by authors. This program system allows to solve real-
world problems and to carry out numerical experiments with test data sets.  
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While carrying out experiments on test data sets we use ANOVA technique to find 
out if there are significant difference between different algorithms and models. Dur-
ing designing models for solar arrays degradation process we try to improve the effi-
ciency of the models as much as possible during some runs. The results are presented 
in Table 1. Figures 1-4 contain the measured values of current generated by spacecraft 
solar arrays along with the current values predicted by different models. 

Table 1. Comparative results of simulation for solar arrays degradation problem 

 Neural 
Network 
Ensemble 
Model 
(proposed 
GPEN 
method) 

Neural Net-
work Ensem-
ble Model 
(GASEN) 

2-layer 
percep-
tron mod-
el  

3-layer 
perceptron 
model  

Symbolic 
model 

Evaluated error 
for the best mod-
el built by cor-
responding me-
thod, % 

4.3  5.2 5.8 5.7 6.3 

Variation of error 
obtained during 
test runs 

0.027 0.024 0.327 0.419 0.381 

 

Fig. 1. Real data and predicted solar arrays current. Neural network ensemble model (GPEN 
method) 
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Fig. 2. Real data and predicted solar arrays current. Single 2-layer perceptron model 

 

Fig. 3. Real data and predicted solar arrays current. Single 3-layer perceptron model 

 

Fig. 4. Real data and predicted solar arrays current. Symbolic model developed by HybridGP 
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You can see that neural network ensemble model allows obtaining more precise re-
sults for our particular problem than any other model used in our study. We under-
stand that the evaluated measurements efficiency of the algorithms and methods may 
depend on specific implementation. That is why we suppose that the proposed com-
prehensive approach (PGNS+GPEN) allows obtaining models which are “not less 
effective” than models developed using other modeling algorithms included in our 
study. Model designed for simulation solar arrays degradation process is accurate but 
we are looking forward to obtain more efficient results in future by tuning different 
parameters of the method which implements comprehensive approach for neural net-
works ensemble design proposed above. As for computational sources we used per-
sonal computer with 2.4 GHz dual core processor during the models development and 
simulations. Time needed to design one “good enough” component network is about 3 
minutes, so time consumption is about 1 hour for one neural network ensemble. 

4 Conclusions 

In this paper we described briefly an approach (GPEN) which utilizes basic operators 
of genetic programming to construct automatically formula which shows how to eva-
luate an ensemble prediction using component networks predictions. The GPEN me-
thod provides high flexibility and adaptiveness of solutions. As contrasted to the 
widely-used voting and averaging method, the GPEN allows us to obtain different 
forms of the component neural network cooperation. Typically, the formulas for en-
semble prediction evaluation gained with GPEN are more complicated than formulas 
resulted from averaging or voting. However, this complexity is compensated by more 
accurate solutions and higher generalization ability.  

As for modelling of spacecraft solar arrays degradation fairly effective prediction 
model was obtained. The model is the ensemble which consists of three neural net-
works. These networks are quite simple multilayer perceptrons with only two hidden 
layers. Despite the simplicity of ensemble participants the model is quite precise: 
obtained relative error is not more that 4.3%. Now we are looking for more close 
interaction with engineers which will help us improve the prediction models and ob-
tain more precise results.  

We also are going to apply our approach for a wider range of real-world problems. 
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and André C.P.L.F. de Carvalho2

1 Computer Science Engineering
Indira Gandhi Institute of Technology, GGSIPU

New Delhi, India
bhasin.rattanpriya@gmail.com
2 Computer Science Department

Institute of Mathematics and Computer Sciences, University of São Paulo
São Carlos-SP, Brazil

{bferes,alrossi,andre}@icmc.usp.br

Abstract. Experimental procedures associated with Machine Learning
(ML) techniques are usually computationally demanding. An important
step for a conscientious allocation of ML tasks into resources is predicting
their execution times. Previously, empirical comparisons using a Meta-
learning framework indicated that Support Vector Machines (SVM) are
suited for this problem; however, their performance is affected by the
choice of parameter values and input features. In this paper, we tackle
the issue by applying Genetic Algorithm (GA) to perform joint Feature
Subset Selection (FSS) and Parameters Optimization (PO). At first, a
GA is used for FSS+PO in SVMs with two kernel functions, indepen-
dently. Later, besides FSS+PO an additional term is evolved to weight
predictions of both models to build a combined regressor. An empiri-
cal investigation conducted for predicting execution times of 6 ML algo-
rithms over 78 publicly available datasets unveils a higher accuracy when
compared with the previous results.

Keywords: Predicting execution times, Machine Learning, Meta-
learning, Genetic Algorithms.

1 Introduction

Several Machine Learning (ML) techniques can be employed to extract valuable
information from the massive amount of data that has been recently generated by
a number of real-world applications. Data analysis in this context may involve
very complex and time-consuming experimental procedures. For instance, the
user may have to choose which approach is more appropriate for his data, trying
to match the assumptions embedded in each algorithm to the specific require-
ments of the problem at hand. Conducting this kind of investigation typically
relies on demanding empirical processes or expensive expert advice [4], being the
former less biased but more computational intensive. The situation aggravates
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when one needs to perform an exploratory analysis to assess the behavior of a
pool of algorithms on a batch of datasets.

To couple with the computational demand of ML applications, Distributed
Heterogeneous Computing (DHC) systems [3] can be used. In a DHC environ-
ment, a suite of various resources with different capabilities, interconnected using
high speed network, is coordinated to support the execution of a multitude of
parallel and distributed tasks. A scheduling algorithm can allocate tasks into
machines, thus optimizing the performance or cost-effectiveness of the system.
In this scenario, an accurate prediction of the execution time of these tasks pro-
vides essential information for the scheduler, reducing the response time for the
workload. Knowing the execution time and the resources usage of the tasks can
be useful in two ways. First, users do not have to wait unexpectedly long for
running their experiments. When these demanding tasks can be identified in ad-
vance, they can be scheduled without any resource contention. Second, accurate
predictions may enhance the scheduling and thus minimize the overall execution
time.

In our previous study [18] we explicitly casted the issue of predicting execution
time as a Meta-learning problem [4], where a learning algorithm is used to relate
characteristics of data and computational resources to the execution time of ML
tasks. Among the meta-regressors compared there, Support Vector Machines
(SVM) [21] yielded the most accurate predictions. Despite of those promising
results, regression models were constructed using default SVM parametrization
and full set of independent variables. However, one can argue that SVMs are
sensitive to the choice of their parameter values as well as to the input fea-
tures used to represent data [11], suggesting that improvements in the earlier
work may be possible. In general, the first issue has been faced by either trial-
and-error or Parameter Optimization (PO) techniques able to find out proper
values for SVM’s parameters [6]. The second issue has been extensively coupled
with the use of Feature Subset Selection (FSS) techniques [12], which are able
to readily discard irrelevant and redundant information that can adversely af-
fect generalization performance of the model. Although both problems can be
tackled independently, it is expected that better results are achieved with a joint
FSS+PO process, since the choice of parameters is influenced by the feature sub-
set employed and vice versa [11]. In the context of SVM for regression, FSS+PO
combination has been commonly investigated using Genetic Algorithms (GA)
[16,10,2], mainly because of their ability to search through a large solution space
minimizing the risk of getting trapped in local minima [17].

In this paper we present a hybrid intelligent system [8,9] that employs a GA
approach to simultaneously perform FSS+PO of SVMs aiming to improve pre-
dictions of execution times of ML tasks. Two scenarios were considered here.
In the first one, SVMs with two common kernel functions were independently
evolved and compared with our previous published results [18], achieving bet-
ter performance. Motivated by the observation that predictions from differ-
ent kernels are different, we hypothesized that a combined regressor would
present more accurate results. Thus, in the second scenario, GA was employed to
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perform FSS+PO of two different SVMs and to combine them to construct a
single regressor.

The text is organized as following. Section 2 presents an approach for pre-
dicting execution time of ML tasks using Meta-learning. Section 3 provides an
overview of SVMs for regression problems, defining the kernel functions used
here and their parameters. In Section 4, the proposed GA for FSS+PO and
model combination is described. In Section 5, the experimental setup used to
evaluate the optimized models is described as well as the results achieved. Fi-
nally, in Section 6 we draw the concluding remarks and discuss future research
directions.

2 Meta-Learning for Predicting Execution Times

In [18] we developed a Meta-learning based approach to predict the execution
time of ML tasks. In that context, ML tasks were defined as the application of
a ML algorithm over a dataset representing a real world problem. The solution
proposed is illustrated in Figure 1. It consists of two main parts: a) the gener-
ation of the meta-dataset by extracting the characteristics of the datasets and
computational resources and; b) the induction of a meta-learning model by ap-
plying a regression algorithm to the meta-dataset. For the first part, a learning
algorithm is trained for different datasets, inducing different models, under a spe-
cific machine. The information about the time that a particular algorithm take to
execute each dataset and the current status of the machine during the process
is stored. Then, the characterization component extract the relevant features
from the datasets and the machine status to create a meta-dataset. Each line
of this meta-dataset is a meta-example and each column is an meta-attribute.
The last column is a special meta-attribute, namely target, that corresponds to
the execution times. For the second part, the meta-dataset is used to induce a
meta-regressor model whose intent is to discover the relationship between the
meta-attributes values and the execution times. Although the same approach
is used in [18], in this paper we aim at improving previous results by perform-
ing SVM parameter optimization and feature subset selection (See Section 4).
Therefore, our main focus here is to build more accurate regression models.

The characteristics that constitute the meta-attributes of the meta-dataset are
extracted from the datasets and from the current status of the computational
resources. The first set of meta-attributes corresponds to static measures whereas
the second correspond to dynamic measures. In this study, the following widely
employed measures were used to extract the datasets characteristics [4]: a) Log
of number of instances; b) Log of number of attributes; c) Log of number of
classes; d) Proportion of continuous attributes; e) Normalized class entropy;
f) Average absolute correlation of all pairs of attributes; g) Average absolute
correlation between target and attributes. The other measures are related to
the current state of the computational environment, as follows: a) Current free
memory available in the machine; b) Current CPU idle in the machine.
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Fig. 1. Meta-learning approach for predicting execution time of ML algorithms

In order to evaluate the meta-regressors using the meta-dataset generated, we
use the Leave-one-out Cross Validation (LOOCV) method. Other methods, such
as the 10-fold cross validation, could be employed, but the LOOCV generates
more reliable estimates, mainly when there are a small number of examples,
which is the case here. The accuracy of the predictions was assessed by the Mean
Absolute Deviation (MAD) measure. It is defined as the sum of the absolute
differences between actual and predicted execution times divided by the number
of test items in the LOOCV.

3 Support Vector Machines

Let S = {(−→x1, y1), ..., (−→xn, yn)}, where −→xi ∈ Rm and yi ∈ R, be a training dataset.
Each −→xi is a m-dimensional input vector and each yi corresponds to the out-
put associated to −→xi . The task of a regression algorithm is to learn a mapping
f :−→x �→ y using data from S, such that it is general enough to predict y for new
−→x . Standard formulations of SVMs [21] handle this by approximating a linear
function in the form of f(−→x ) = (−→w · −→x ) + b, with weight vector −→w ∈ Rm and
bias term b ∈ R, both chosen according to the Structural Risk Minimization
principle (SRM). SRM states that in order to minimize the probability of error
on unseen data, f(−→xi) should have minimum deviation from yi for all −→xi ∈ S
and f(−→x ) should remain as flat as possible, at the same time.

Deviations between predicted and actual output values are measured using
the so-called ε-insensitive loss function |y − f(−→x )|ε = max{0, |y − f(−→x )| − ε},
which allows errors in prediction to be neglected with a tolerance range of yi± ε.
If errors occur, loss is simply denoted by the distances between f(−→xi) and the
ε tube, which are denoted by the slack variables ξi and ξ∗i . By its turn, flatness
of f(−→x ) is related to each component wj of its weight vector and it is measured
by the norm ‖−→w ‖2. So, in order to implement SRM, one needs to minimize both
‖−→w‖ and slack variables ξi and ξ∗i . Formally, this goal can be translated into
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a quadratic programming problem. Eq. 1 exhibits the primal formulation of ν-
SVM [19], an extended version of the SVM initially proposed. It introduces a
new parameter ν ∈ (0, 1], which is a constant that controls variation of ε.

min: 1
2‖−→w ‖2 + C · (νε + 1

n

n∑
i=1

ξi + ξ∗i )

s.t.: yi − (−→w · −→xi)− b ≤ ε+ ξi
(−→w · −→xi) + b− yi ≤ ε+ ξ∗i
ξi, ξ

∗
i ≥ 0

(1)

where C > 0 is a regularization parameter used to penalize prediction errors
during training. To make use of general optimization solvers and to explore
nonlinear capabilities of SVMs, a dual formulation of Eq. 1 is usually preferred.
Thus, with the introduction of Lagrange multipliers α and α∗, and the proper
manipulation of the partial derivatives of the resulting Lagrange function, the
ν-SVM problem can be stated as in Eq. 2.

min: 1
2

n∑
i,i=1

(α∗
i − αi) · (α∗

j − αj) · (−→xi · −→xj)−
n∑

i=1

yi · (α∗
i − αi)

s.t.:
n∑

i,j=1

(α∗
i − αi) = 0

0 ≤
n∑

i,j=1

(α∗
i + αi) ≤ C · ν

0 ≤ α∗
i , αi ≤ C

n

(2)

From Eq. 2, on can note that parameters C and ν have a joint influence in
the behavior of the model generated. The former imposes a trade-off between
empirical risk and the model complexity. Very complex models tend to perform
poorly on new data, due to overfitting during the training phase. On the other
hand, models with too low complexity do not predict well even the training data,
characterizing underfitting. The latter parameter controls the fraction of the so-
called Support Vectors (−→xi with (αi − α∗

i ) 
= 0 ) in the solution and also the
fraction of outliers in training data [5]. Hence, to achieve the best generalization
performance of SVMs, both parameters need to be carefully chosen.

At the optimum of Eq. 2, regression function can be expressed as in Eq. 3

f(−→x ) =

n∑
i=1

(αi − α∗
i ) · (−→xi · −→x )) + b (3)

Predictions using the function in Eq. 3 can only deal with linear decision bound-
aries and thus may have restrict practical use. To overcome this limitation, one
can replace dot product (−→xi · −→xj) by a kernel function K(−→xi ,−→xj) in the dual
formulation of ν-SVM. Kernels implicitly map data from original input space
to a higher dimensional feature space, allowing nonlinear relationships between
inputs and outputs of data in S to be better modeled. Common kernels are
able to construct polynomial, radial basis function and neural networks based
regressors. In this study, we focus on kernels of the two latter types (namely
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RBF and sigmoid), mainly because of their general purpose characteristics, low
computational burden under some parameter settings and encouraging perfor-
mance in a number of applications. Their definitions are depicted in Eqs. 4 and
5, respectively, for input data −→u and −→v :

K(−→u ,−→v ) = exp(−γ · |−→u −−→v |2) (4)

K(−→u ,−→v ) = tanh(−a · (−→u · −→v ) + r (5)

where γ is the width of the Gaussian function, a is a scaling factor of the data
and r is a scalar controlling the threshold of the mapping. A proper choice of such
kernel parameters are need for SVM to generalize well [14,15]. Choosing proper
values for SVM’s hyperparameters (C, ν and kernel parameters) is sometimes
called Parameter Optimization.

4 Genetic Algorithms for SVM

Genetic Algorithms (GA) is a search and optimization technique based on genet-
ics and natural selection [17]. GA deals with optimization problems by evolving
a population of solutions with increasing quality. A traditional GA starts by
randomly generating an initial population of individuals, named chromosomes,
which encode feasible solutions to the problem at hand. During the evolutionary
process, the whole population is evaluated using an appropriate fitness function.
Next, the chromosomes produce offspring by the application of a crossover oper-
ator. This operator generates a new solution by exchanging features of multiple
individuals (typically one pair). Then, a mutation operator is applied to the new
generated individuals to randomly change parts of some of them to ensure that
any point on the search space can be reached. Finally, a selection operation cre-
ates a new population by choosing individuals from the current population. The
fittest individuals have a higher chance to be selected for the next population,
thus leading the method towards good solutions. The advantages of this tech-
nique are it can handle a large search space, it is applicable to complex objective
function and it can avoid trapping in local optimum solution.

Recently, GAs have been successfully employed for simultaneous feature selec-
tion and parameters optimization of SVM regressors in several contexts [16,10,2].
In the present paper, they are applied to improve the prediction of execution
times of ML tasks. The main aspects of the approach investigated here are dis-
cussed next.

Solution Representation: GAs work on a suitable representation of the search
space. To deal with the FSS+PO problem for SVMs, chromosomes present a hy-
brid binary/floating codification. The binary section is used to perform FSS,
where each position is associated to a meta-feature in the Meta-learning prob-
lem (see Section 2). One or zero at a given position indicates the presence or
absence of the corresponding meta-feature, respectively. The floating section en-
codes the parameters of the SVM to be tuned (see Section 3). If RBF Kernel
is considered, each position of the chromosome corresponds to parameters C, ν
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and γ. Instead, if sigmoid kernel is employed, the chromosome has four positions,
which correspond to the parameters C, ν a and r. Finally, if a combined ver-
sion of SVMs is optimized, then an extra weighting parameter β is considered,
besides ordinary parameters for RBF and sigmoid kernels.

Initial Population Generation: Chromosomes in the first population are
generated at random. Despite this kind of initialization seems to be naive, it
aims at covering more regions at the solution space, without any bias for specific
combinations of parameter. During the execution of the algorithm, less fitted
chromosomes will gradually be discarded and focus in more promising regions
can take place.

Selection Procedure: This process usually chooses the parents for reproduc-
tion, usually, emphasizing good solutions in the population. Here, the tourna-
ment selection method was employed [17], which randomly samples a number
of individuals and selects the fittest one and it is applied every time a parent
needs to be selected. This approach imposes an evolutionary pressure to the
optimization process, allowing a faster, yet adequate, convergence.

Crossover: This genetic operator is used to guide the evolutionary process
through potentially better solutions. This is performed by interchanging genetic
material of two chromosomes in order to create two individuals that can benefit
from their parents’ fitness. Since we have a hybrid chromosome representation,
each one requires a specific crossover operator. For the binary section, a uniform
crossover is employed [17]. For its floating section, the BLX-α operator is used
(see [17] and reference therein).

Mutation: The mutation operator is responsible for diversifying search direc-
tions over the solution space, minimizing the risks of premature convergence to
local minima. Here, mutation was carried out by a gene based adaptive strategy
[20] for the binary section of the chromosome and by a non-uniform operator
[17] for the floating section.

Replacement: Replacement schemes determine how a new population is gen-
erated. The experiments performed here used a generational GA, where the
parents are replaced by offspring at each generation. In order to assure the indi-
vidual with best fitness survive, we adopted an elitism approach. Thus, the best
combination of feature subset and SVM parameters is never replaced.

Fitness Function: One of the most critical and time consuming aspect of a
GA is its fitness function. Here, the quality of a chromosome is defined by the
MAD values obtained after the application of a 5 Fold Cross Validation scheme.
For this, information regarding the selected meta-features and parameters of
SVMs are firstly decoded and then data is split into five training and test sets
for assessing performance of a SVM built with the current parameter settings.
If two SVMs (one with each kernel) are simultaneously evolved, then the seven
floating parameters are considered (see Solution representation). In this case, the
additional parameter β is used to weight the predictions of both SVMs such that
P = β ·Pr+(1−β) ·Ps, where P is the prediction of the new combined regressor,
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Pr is the prediction of the SVM with RBF kernel and Ps is the prediction of the
SVM with sigmoid kernel.

Termination Condition: In order to produce results in acceptable time, GA
should finish its execution after a certain number of iterations. Here, it exits the
searching process after a maximum number of iterations is reached.

Random Immigrant: It is a method that helps to keep diversity in the popu-
lation, minimizing the risk of premature convergence [7]. It works by replacing
the individuals whose fitnesses are under the mean by new randomly generated
individuals. Random immigrant is invoked when the best individual does not
change for a certain number of generations (here named re-start frequency).

5 Experiments

The GA used to perform FSS+PO for SVM is evaluated in this section. The main
goal of the proposed approach is to provide accurate predictions of execution
times of ML tasks. For such, regression models using SVMs with RBF and
sigmoid kernel functions are genetically optimized. Three prediction schemes are
considered. In the first one, regression using full set of meta-features and default
values for the hyperparameters of SVMs takes place. Such naive regressors are
called RBF and SIG, depending on which kernel funcion is used. In the second
one, GA jointly evolves parameter values and feature subsets for SVMs with both
kernels, independently. The resulting optimized regressors are called RBFopt and
SIGopt. In the third one, a strategy named (RBF+SIG)opt is assessed. It combines
two SVMs with different kernels by evolving an additional parameter β, which
weights the importance of each regressor for the final prediction (see details in
Section 4).

5.1 Experimental Settings

In order to perform the experiments we used 78 classification datasets that were
obtained from the UCI Machine Learning Repository. They were employed to
train six classification algorithms available in WEKA, namely: K-Nearest Neigh-
bor (K-NNc), Support Vector Machine (SVMc), Decision Tree (J48), Rules Sys-
tem (JRip), Bagging and Naive Bayes (NB), all with default parameter values.
They represent distinct ML paradigms and have different inductive bias. Thus,
they are expected to be representative of commonly used ML algorithms. Classi-
fication experiments were conducted using an Intel Core2duo E8400 3GHz com-
puter with 4GB of RAM running Linux Ubuntu 10.4. Execution time of each
classifier is the sum of five runs, and this value in seconds is used as the output
values to be predicted. This setup was also employed in [18].

RBF and SIG regressors are induced using the default parameter values es-
tablished by LIBSVM library. On the other hand, GA performs FSS+PO for
RBFopt and SIGopt. In the case of (RBF+SIG)opt approach, it also optimizes
the weighting parameter β, which is used to combine the predictions of RBFopt
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and SIGopt. The parameter settings of the GA used here are presented in Table 1.
All values are either common found in literature or empirically defined. GA per-
forms a search for the SVM parameters over C = [0.001, 2] and ν = [0.2, 0.8]. In
the optimization process, the kernel parameters can take the values γ = [0.001, 1]
for the RBF kernel, and a = [0.001, 1] and r = [−3,−0.001] for the sigmoid ker-
nel. For the simultaneous optimization of both kernels, GA searches for the β
value over the range [0.25, 0.75]. Details about datasets’ characteristics and algo-
rithms’ default parameter values can be retrieved from Supplementary material
in www.icmc.usp.br/~bferes.

Table 1. Parameter settings of the GA

Parameter Value

GA
Number of chromosomes 201

Number of generations 50
Selective pressure 2

Random immigrant
Percentage of individuals to be replaced 10%
Restart frequency 10%

Crossover
Crossover probability 90%
Exploitation and exploration relationship 0.5

Mutation

Mutation probability 5%
Degree of dependency on the number of iterations 5
Binary mutation range [0.01,0.2]
Binary mutation update value 0.005

5.2 Experimental Results

The quality of the estimation of the five versions of SVMs using the available
meta-dataset for the six classifiers is shown in Table 2. It presents the MAD
values of LOOCV for every regressor and the dMAD, which is obtained by pre-
dicting the test target using the median target of the training sets. For the
genetically optimized models, MADs are averaged over 10 repetitions and stan-
dard deviations are presented in parenthesis, since GA is a stochastic method.
The best value for each classifier is highlighted. Lower MAD indicates better
performance of the regressor. As a general remark, its worthy noting that MADs
for all methods are unevenly distributed throughout the classifiers. For instance,
J48 and NB have lower values, indicating that their execution times are easier to
predict. Conversely, K-NNc and Bagging have the highest error rates. This can
be partially explained by the presence of outliers in data, as suggested in [18].

As can be noted, RBF regressor is able to consistently generate more accu-
rate predictions than dMAD. On the other hand, SIG performed worse than
dMAD for all classifiers, except for JRip. Possible explanations for unsuitable
performance of the latter regressor compared to the former rely on the intrinsic
behaviour of its kernel or the hyperparameter values used in the experiments.

1 For (RBF+SIG)opt the number of chromosomes used was 30.

www.icmc.usp.br/~bferes
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Table 2. MAD of the regression models for each classifier

RBFopt SIGopt (RBF+SIG)opt RBF SIG dMAD

K-NNc 3.947 (0.077) 3.495 (0.364) 3.581 (0.227) 4.905 7.311 6.815

SMO 2.860 (0.037) 3.023 (0.092) 2.923 (0.073) 3.180 4.679 3.786

J48 0.680 (0.015) 0.672 (0.041) 0.644 (0.035) 0.823 1.221 1.125

JRip 2.284 (0.101) 2.149 (0.203) 2.263 (0.102) 2.684 3.168 3.515

Bagging 3.527 (0.052) 3.438 (0.141) 3.522 (0.118) 3.773 7.854 4.466

NB 0.374 (0.017) 0.390 (0.011) 0.378 (0.011) 0.481 0.682 0.666

Moreover, the set of meta-features considered to describe the regression prob-
lem may not be the most adequate one. Both issues are simultaneously handled
by GA in RBFopt and SIGopt methods. In Table 2 one can see that improve-
ments were achieved by those regressors for all classifiers, supporting that joint
FSS+PO is important for the prediction task at hand. In order to provide more
evidence that the observed differences between regressors are significant, we ap-
plied a t-test with 95% confidence level as suggested by [1]. The null hypotesis
to be verified is the equality between their errors. Since various statistical com-
parisons are being performed, Bonferroni correction is employed. As general
remarks, we can state that2: a) comparing RBF and RBFopt, the latter outper-
forms the former for K-NNc, J48 and NB, and; b) comparing SIG and SIGopt,
the latter is better than the former for all classifiers. Confronting the optimized
SVMs, one can see in Table 2 that SIGopt has smaller MAD values than the
RBFopt for four out of six classifiers. However, the standard deviation of the for-
mer is usually higher than the latter. Applying the same statistical test as before
points out that these regressors have comparable performance. This result can
be explained by the fact that under a set of parameters sigmoid kernel behaves
similarly to RBF kernel [15].

Despite the similar MADs, predictions of the two models do not coincide
for every meta-example in our meta-dataset, as can be seen in Figure 2. It
shows the relative difference between absolute deviation of values predicted by
RBFopt and SIGopt for all 78 meta-examples. Interestingly, for all classifiers,
the disagreement between the regressors are not strongly biased for any side,
which means that one model do not outperform the other for every case. This
observation motivated us to try combining predictions of both SVMs in the so-
called (RBF+SIG)opt. Results are still better than RBF and SIG, but there is
no significant differences when compared with the other individually optimized
SVMs. This can be understood by inspecting the fitness function of the GA
when combined prediction is considered (see Section 4). Since it performs weight
combination of regressors, when their estimates are either under or over the
actual execution time, the new outcome will range between the best and the
worst predictions. Nevertheless, considering plain MAD values in Table 2, the
combined regressor is never worse than one of its competitors. Furthermore, it
presents the lowest average error for J48.

2 For GA based methods, predictions from the repetition with MAD closer to the
average of 10 repetitions are used in the comparisons.
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Fig. 2. Relative difference between absolute deviations of RBFopt and SIGopt for all
78 meta-examples

6 Conclusions

Recently, SVMs have been used as regressors for predicting execution times of
ML tasks in a Meta-learning framework [18]. Although convincing outcomes
were presented, they were based on full set of meta-features and default SVM
parametrization. This scenario may be sub-optimal what motivated us to revisit
that work in order to assess if the application of FSS and PO techniques would
improve previous results. For such, we employed a GA to simultaneously tackle
both tasks. Considering RBFopt and SIGopt methods, statistically significant
improvements over their non-optimized counterparts were achieved for most ML
algorithms. We also introduced a new regression approach that combines the
outputs of SVMs with two kernels to make single predictions. (RBF + SIG)opt
performed similar to the other genetically evolved methods, presenting always
intermediate MAD values.

As future works, we plan to investigate the meta-features selected by the GA
methods as well as the most promising combinations of SVM’s hyperparameters.
We also intend to compare our approach to other well known optimization and
search methods, like Particle Swarm Optimization [13], for FSS+PO of SVMs.
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Abstract. Biological intelligence for modelling and optimization on vehicle 
routing problem of logistics distribution and supply chain management systems 
are presented in this paper. Logistics distribution is adaptive, dynamic, and 
open self-organizing system, which is maintained by flows of information, 
materials, goods, funds, and energy. The aim of this research is to summarize 
different individual bio-inspired methods, evolutionary computing, genetic 
algorithm, ant colony optimization, artificial immune systems, and to obtain 
power extension of these hybrid approaches. In general, these bio-inspired 
hybrid approaches are more competitive than the classical problem-solving 
methodology including improvement heuristics methods or individual bio-
inspired methods and their solutions in logistics distribution and supply chain 
management applications. 

Keywords: Logistics distribution, vehicle routing problem, bio-inspired 
models, genetic algorithms, artificial immune systems, hybrid artificial 
intelligence.  

1 Introduction 

The vehicle routing problem (VRP) has been one of the elementary problems in 
logistics ever since it was brought forward in [1]. Because of its wide use and high 
economic value it always attracts much attention. The VRP is a problem that has been 
studied for many years in subjects such as mathematics and computer science, 
because it is easy to describe but difficult to resolve. There are many solutions for 
some of those problems, but the VRP has several variations. Those variations depend 
on some time, spatial and non spatial restrictions.   

Artificial intelligence techniques have demonstrated a capability to solve real-word 
problems in sciences, business, technology, and commerce. The integration of 
different learning techniques and their adaptation, which overcomes individual 
constraints and achieves synergetic effects through hybridisation or fusion, has in 
recent years contributed to a large number of new intelligent system designs [2]. In 
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(1) bioinformatics and medical applications the theoretical and practical results to 
generate grammatical structures of a specific language; (2) fuzzy combiner harnesses 
the support values from classifiers to provide final response on their structure and the 
combination methods of decision templates; (3) the new supervised update rule 
utilizes data labels to achieve a better clustering result are mentioned in [3].  

In study [4] the fundamentals and essential development issues of logic-driven 
constructs of fuzzy neural networks referred to as logic-oriented neural networks, 
constitute an interesting conceptual and computational framework that greatly 
benefits from the establishment of highly synergistic links between the technology of 
fuzzy sets and neural networks. Also, the principles of information granulation, logic 
computing and underlying optimization including those biologically inspired 
techniques, such as particle swarm optimization and genetic algorithms are shown. A 
case study which involves a set of techniques in classification tasks and study of 
nonparametric procedures useful to analyze the behaviour with respect to a set of 
algorithms is proposed and developed in [5]. The review [6] outlines some current 
approaches of fuzzy models which is implemented in the terms of potential benefits 
gained in logistics domain in order to mitigate the uncertainty and risk of the business 
turbulent environment and global world financial crises. On the other hand, new 
mechanical engineering technology had a direct impact on development of those 
constructions of cargo motor vehicles and trailers which would be able, by their 
dimensions, to use to the fullest their potential capacity and simplify loading [7].      

This paper is interested in biologically inspired computing, a branch of natural 
computing which develops algorithms inspired by nature to solve highly complex 
problems, in particular the problems that cannot be addressed in a satisfactory way by 
a traditional approach. Under this paradigm, algorithmic models of processes 
observed in nature are developed and implemented on computers to explore solution 
spaces. There is a growing interest in bio-inspired algorithms, and the representatives 
of this trend have been applied to a large variety of problems, including optimization.  

Presently, globalization and informatization are developing direction in the 
logistics industry, and logistics distribution becomes more important in the supply 
chain. In the process of logistics distribution, because of the quantity of customers and 
the complexity of urban communication lines, the problems of how to form a perfect 
line and how to make collection of the distribution and the distribution line effective 
are not only the characteristics of distributing transportation but a task of great 
difficulty as well. So, effective vehicle routing program design and an attempt of 
reduction of the number of vehicles and the travelling distance are very practical 
questions. Practical application of VRP include logistic distribution, drawing up a bus 
route, mail and newspaper delivery, time schedule arrangement for aviation and 
railway and the collection of industrial waste [8].  

The rest of the paper is organized as follows. Section 2 introduces a brief review of 
VRP and extensions. Section 3 presents some classical problem-solving 
methodologies. Then, Sections 4 introduces the main bio-inspired algorithms, 
Evolutionary Algorithms (EA), Ant Colony Optimization (ACO), and Artificial 
Immune Systems (AIS), respectively, and describes their application to vehicle 
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routing problems. Section 5 is devoted to hybrids that combine ideas from different 
bio-inspired algorithms. Concluding remarks and future work follow in Section 6.  

2 The Vehicle Routing Problem and Extensions 

The aim of vehicle routing is to determine optimal collection or delivery routes for a 
fleet of vehicles in a transportation network [9]. The VRP is non-deterministic 
polynomial-time hard (NP-hard) problem which generalizes classical travelling 
salesman problem (TSP) by requiring both, an assignment of vertices to vehicles and 
a sequencing of these vertices within each vehicle route to obtain a solution.  

2.1 Travelling Salesman Problem  

Given a graph with a number of vertices and the cost associated with each arc, the 
TSP looks for the least cost tour that visits each vertex one time only. The sequence in 
which the salesman visits different cities is called a tour. A tour should be such that 
every city on the list is visited once and only once, except for the return to the city of 
origin. The goal is to find a tour that minimizes the total distance the salesman travels, 
among all the tours that satisfy this criterion.   

For n cities to visit, let Xij  be the variable that has value 1 if the salesman goes 
from city i to city j and value 0 if the salesman does not go from city i to city j. Let dij 
be the distance from city i to city j. The travelling salesman problem (TSP) is stated as 
follows [10]. Minimize the linear objective function: 
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In vehicle routing problems, side constraints are introduced to limit the number of 
vertices that can be visited with a single tour, thus leading to solutions that cover all 
vertices with different routes that start from end of a particular vertex which is called 
the depot. These problems are used to model various real-world applications. 

2.2 Vehicle Routing Problem  

The VRP generalizes the TSP, a canonical combinatorial optimization problem that 
has been widely studied in the literature [11]. The VRP can be described as in Fig. 1. 
Suppose there are M vehicles each of which has a capacity Q, and N customers who 
must be served from a certain depot. The goods each customer asks for and the 
distance between them are known in advance. The vehicles start from the depot, 
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supply the customers and go back to the depot. It is required that the route of the 
vehicles should be arranged appropriately so that the least number of vehicles is used 
and the shortest distance is covered, and at the same time the following conditions 
must be met: (1) The total demand of any vehicle route must not exceed the capacity 
of the vehicle; (2) Any given customer is served by one, and only one, vehicle; (3) 
Customer delivery can not be split up.   

 

 

Fig. 1. Vehicle Routing Problem – General View 

The vehicle routing problem can be formally stated in following way. Let G = (V, 
A) be a graph where V= {1, 2, …, n} is the vertex set and A is the arc set. Vertex 1 is 
the depot for a fleet of identical vehicles of capacity Q that collects a demand qi at 
each vertex (customer)    i ∈V – {1}. A non negative cost cij is also associated with 
every arc (i, j) ∈  A, i ≠ j. This cost is often interpreted as a distance or a travel time, 
depending on the context. Unless otherwise stated, the following is assumed; that 
problem is symmetrical, that is, cij = cji for ever arc (i, j). The problem then 
determines a set of the most cost effective vehicle routes so that: (1) each vertex, apart 
from the depot, is visited exactly once by exactly one vehicle to serve its demand; (2) 
all vehicle routes start and end at the depot; (3) the total demand on each route does 
not exceed the vehicle capacity.  

Sometimes, a fixed cost is associated with each vehicle. The objective is then 
aimed at minimizing a weighted sum of fix costs and travel costs. A maximum 
distance or time constraint can also be considered, in addition to the capacity 
constraint, for each vehicle route.   

A large number of variants are depending on the objective function to be optimized 
and the types of constraints to be satisfied. These variants are reviewed in the 
following. 

2.3 Vehicle Routing Problem with Time Windows  

Vehicle routing problem with time windows (VRPTW) in extension of VRP where 
time interval or time window [ai, bi] constrains the beginning of service at each vertex 
i ∈V – {1}. There is also a window [a1, b2] at the depot to constrain the start time and 
end time of each vehicle route. The upper bound bi at vertex i can be either hard or 
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soft constraint. If the vehicle arrives late there are penalties incurred in the objective. 
A waiting time is introduced in the route schedule when the vehicle arrives before the 
lower bound ai. In most papers, a hierarchical objective is considered. The first 
objective is to minimize the number of vehicles and to minimize, for the same number 
of vehicles, the distance, travel time or scheduling time (travel time + waiting time). 
The VRP with time Deadlines (VRPD) is special case of VRPTW where only a time 
upper bound is associated with each vertex.  

2.4 Vehicle Routing Problem with Back-Hauls   

In this special situation of VRP, vehicle routing problem with back-hauls, the set of 
vertices is partitioned into two subsets: line-haul vertices for which the demand is 
delivered from the depot and back-haul for which the demand is picked up brought 
back to the depot. It has been quickly recognized that substantial cost saving can be 
achieved by allowing empty vehicles to pick up inbound products when they return to 
the depot. In the grocery industry, for example, line-hauls could be supermarkets 
where goods are delivered while the back-hauls could be grocery suppliers. In the 
classical VRPB, there is a strict precedence relationship between the line-haul and 
backhaul vertices, that is, all line-hauls must be visited before the backhauls. Without 
this constraint, goods could be picked up while other goods would not have yet been 
delivered, thus potentially leading to rearrangement of goods inside the vehicle. In 
other variants, this constraint is relaxed to allow a vehicle to pick up goods if the 
capacity utilization is sufficiently low. Finally, in the mixed VRPB, line-haul and 
back-haul vertices can be freely mixed as long as the capacity constraint is satisfied. 
When time windows are associated with the vertices, the VRPBTW is obtained.  

2.5 Other Vehicle Routing Problems    

Without being exhaustive, it could be possible to mention following similar problems:  
 

• multiple-depot problems where each vehicle can start or end its route from (to) a 
different depot  

• mixed fleet and size problems where the fleet size must be determined based on 
different types of vehicles with different characteristics (e.g., capacity)  

• periodic vehicle routing problems where routes are determined over a horizon 
that spans a number of periods and where each vertex must be visited at a given 
frequency within this horizon 

• location-routing problems where strategic decisions about the location of 
different facilities are taken concurrently with the determination of vehicle routes  

• inventory routing where each vertex has an inventory and delivery routs are 
determined to replenish the inventory so as to avoid inventory shortage 

 

There are also a number of vehicle routing problems where arcs must be visited 
instead of vertices [12]. Arc routing problems are useful to model applications where 
the customers are located along the streets of the transportation network, as in 
postman delivery routes.        
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3 Classical Problem-Solving Methodologies   

In this section, some classical methodologies for solving vehicle routing problems are 
briefly reviewed. These methodologies can be divided into two main classes: exact 
methods and heuristics. Exact methods are divided into (1) tree search methods:  
branch-and-bound, (2) dynamic programming and (3) integer programming-based 
methods. In the case of heuristics there is a distinction between construction 
heuristics, improvement heuristics and meta-heuristics.         

3.1 Construction Heuristics    

In this category, there are pure construction heuristics and two-phase construction 
heuristics. Pure construction heuristics are:  

• Insertion heuristics is based on iteration, where a vertex is selected among all 
unvisited vertices and a feasible, most cost effective, insertion place between two 
consecutive vertices is looked for. This process is repeated until all vertices are 
visited.   

• Saving heuristics is a problem-solving approach based on: start from a 
configuration where each vertex is visited by an individual route connected to the 
depot, two routes are selected at each iteration and merged together. The merging 
process is guided by the savings measure. These savings are thus calculated for 
every pair of vertices and sorted in non increasing order. Pairs of routes are then 
merged together, by using the sorted list savings to guide the merging process 
until it is not possible to merge two routes without violating the side constraints.  

3.2 Improvement Heuristics    

Once an initial solution has been constructed, it can be further improved by local 
search heuristics. In this case, a class of modifications to the current solution is 
defined to generate a neighbourhood of solutions. The best solution in this 
neighbourhood becomes the new current solution if better than standing current 
solution. The procedure is repeated until there is no better solution in the 
neighbourhood of the current solution. Some basic modifications, based either on 
nodes or arcs in a solution, are following:       

• vertex move: a vertex is removed from the solution and inserted at another place 
• vertex swap: two vertices exchange their position in the solution 
• arc exchange: r arcs are removed from the solution and are replaced by r new 

arcs to produce a new valid solution. The most widely used exchanges of this 
type involve r = 2, 3 arcs and are called 2-opt and 3-opt [13].  

Also, these modifications can be applied to each route individually, to modify the 
sequence of vertices in the route, or they can be applied to several routes at once to 
modify the vertex assignment.  
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3.3 Metaheuristics 

The emergence of metaheuristics for solving difficult combinatorial optimization 
problems, including VRP, is one of the most notable achievements in operations 
research in the last two decades. Metaheuristics offer global search strategies for 
exploring the solution spaces that are then adapted to a particular class of problems. 
Some metaheuristics are high-level abstraction of the optimization processes observed 
in nature and will be describe in the following sections, starting with EAs.  

4 Evolutionary Algorithms 

Evolutionary algorithms (EA) are stochastic search methods that operate on a 
population of solutions by simulating, at high level of abstraction, the evolution of 
species observed in nature. Some results obtained with Evolution Strategies (ES) an 
evolutionary approach developed in the 60’s and 70’s will be mentioned [14]. Like 
genetic algorithms, ES evolves a population of solutions through mutation and 
recombination (crossover). One distinctive feature is the concurrent evolution of 
strategy parameters which typically are the properties of the mutation operators, like 
mutation step size.  

In [15] ES to the VRPTW is first applied. The mutation operator is based on local 
search heuristics and the mutation step size in the number of modifications to the 
current solutions. An additional strategy parameter associated with mutation operator 
specifies the objective to be favoured, either minimization of the total distance or 
minimization of the number of vehicles.   

4.1 Genetic Algorithms  

Genetic algorithms (GA) [16] were the first evolutionary algorithms to be applied to 
combinatorial optimization problems. In a GA, a population of solutions evolves over 
a number of generations through the application of operators like selection, crossover 
and mutation, which mimic the corresponding genetic process observed in nature.  

4.2 Ant Colony Optimization  

In their search for food sources, ants initially look around in a random manner. When 
they find one, they come back to the nest, laying down an aromatic substance on the 
ground, known as pheromone. The amount of pheromone is related to the quality of 
the food source, as determined by the quantity of food and its distance from the nest. 
The ants that come next will thus search in a less random fashion, as they will be 
attracted by the pheromone trails. More ants will be attracted to these paths with more 
pheromone, which in turn will lead to more and more pheromone laid down on these 
paths. Ultimately, all ants will be attracted to the best path. 

Ant colony optimization (ACO) is motivated from the way real ants find good 
paths to food sources, in particular the indirect communication scheme through 
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pheromone trails that lead to the optimization, a phenomenon called stigmergy. 
Different ant-based metaphors are reported in the literature, starting from the original 
ant system (AS) [17] to more recent variants, like ant colony system (ACS). Although 
ant-based systems have first been tested on the TSP, many other combinatorial 
problems have since been addressed. The basic AS algorithm for solving the TSP is 
described in [18]. 

Another approach is the Max-Min ant system (MMAS) described in [19]. Its main 
characteristic is the exclusive reinforcement of the best tour found at the current 
iteration or the best tour found since the start of the algorithm. To prevent 
convergence to suboptimal tours due to the accumulation of pheromone on the same 
edges, MMAS then forces the amount of pheromone on every edge to lie within an 
interval τmin and τmax as the parameters.  

Ant-based systems have also been applied to the VRPTW. In [20], the proposed 
multiple ant colony system (MACS) defines two ant colonies: ACS-VEI that 
minimizes the number of vehicles (main objective) and ACS-TIME that minimizes 
the total travel time (secondary objective). Both colonies use the standard of the ACS 
framework, except that during the construction of a solution each ant has the choice to 
go either to a vertex that does not violate the capacity and time window constraints or 
to return to the depot. ACS-VEI searches for a solution that maximizes the number of 
visited vertices with a fixed number of vehicles. When a feasible solution that 
includes all vertices is obtained, ACS-TIME then constructs solutions with that 
particular number of vehicles, while trying to minimize the total travel time. Also, 
ACS-VEI is restarted with one vehicle less the before. This is repeated until the 
number of vehicles cannot be reduced anymore. This approach is very similar to the 
one used by the EA and presented in [21].   

4.3 Artificial Immune Systems      

Artificial immune systems (AIS) is a recent bio-inspired algorithm motivated from the 
mechanisms used by our organism to defined itself against foreign micro-organisms, 
like viruses and bacteria [22]. In the natural immune system, molecular patterns at the 
surface of micro-organism, known as antigens, lead to the proliferation of 
lymphocytes that are able to produce antigen-specific antibodies. This phenomenon is 
known as clonal selection (clonal expansion). Since each lymphocyte has distinct 
antigen specificity and the organism needs to react to different antigens, the number 
of lymphocytes that can differentiate into effector cells able to produce antibodies for 
each specific antigen is limited. Thus, it is primordial for the organism to develop a 
good repertoire of lymphocytes with different specificities. Furthermore, the 
differentiation process is not of the ”all-or-nothing” type, so that antibodies typically 
show a variable degree of antigen affinity or specificity.  

In AIS developed for optimization purposes, the antigen affinity corresponds to the 
solution value. Then, different mechanisms are observed to generate good solutions. 
For example, artificial clonal selection involves the selection of solutions with the 
best objective values (high affinity), the reproduction of these solutions to obtain a 
number of copies or clones and mutation of these clones to generate improved 
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solutions. As opposed to classical genetic algorithms, where mutation is a random 
process which is applied at low rates, the mutation operator in AIS is controlled and 
its rate is inversely proportional to the solution value. It is also typically applied at 
high rates to increase population diversity. These AIS principles are often integrated 
within GAs to allow a better management of the population of solutions.  

This is the case for example in [23], where an additional operator motivated from 
AIS is applied after crossover to allow the proliferation of high quality solutions in 
the population. This approach is applied for solving an electricity distribution network 
problem. The problem is modelled as a multiple depot vehicle routing problem, where 
the depots correspond to high/medium voltage stations and the other vertices to 
medium/low voltage stations. In [24], an immune-based operator is used within a GA 
to solve the VRPTW. Basically, the operator is able to recognize good patterns in 
solutions, such as sub-paths than link close vertices. It then uses this information to 
improve solutions.   

5 Hybrid Vehicle Routing Problem Models and Applications     

The hybridization of intelligent techniques, draws from different areas of 
computational intelligence, and has become prevalent because of the growing 
awareness that they outperform individual computational intelligence techniques. In a 
hybrid intelligence system, a synergy combination of multiple techniques is used to 
build an efficient solution to deal with a particular problem [25]   

An increasing number of bio-inspired algorithms does not rely on a single search 
strategy but rather combine various algorithmic ideas. These approaches are referred 
to as hybrids. The motivation behind hybrids is usually to exploit the strengths of a 
number of individual search strategies in order to obtain a more powerful problem-
solving approach. For example, a decoder system can be viewed as the hybrid of a 
GA and a construction heuristic. The integration of local search-based mutation 
operators within GAs, known as memetic algorithms [26], is another type of hybrid. 
Likewise, some AIS concepts have been integrated within GAs to make them more 
robust.  

In [27], an algorithm called AGES combines guided local search (GLS) [28] and 
ES in an iterative two-stage procedure to address both the VRP and VRPTW. GLS 
introduce modifications into the objective function through penalties when the search 
gets trapped in a local optimum. Here, the penalty counter of one arc in the solution is 
incremented by one, each time a local optimum is reached. The arc is selected on the 
basis of its length (a long arc is more likely to be penalized) and current penalty 
counter (an arc with a high penalty counter is less likely to be penalized again). In the 
first stage, it controls the objective functions of an ES. In this ES, the ruin and 
recreate principle is at the core of the mutation operator. That is, a number of vertices 
are removed from the current solution and reinserted at least cost. Refinements to this 
algorithm are proposed in [29] with excellent results reported on classical VRP and 
VRPTW benchmark instances. On the VRP data sets of [30], in particular, this 
approach has produced the best average solution values when compared with state-of-
the art methods.  
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A multiple vendor transportation problem with time and cost criteria and proposed 
AIS algorithms strengthened by a fuzzy logic controller (FLC) to solve the     
multicriteria problem is discussed in [31]. AIS works as an ES algorithm to find out 
the Pareto optimal front, whereas FLC is implemented to change the hyper mutation 
rate adaptively on the basis of the fitness values at each iteration.  

In [32], a two-stage vehicle routing problem of distribution centres and customers 
is considered. To solve the problem for selecting some potential places as distribution 
centres in order to supply demands of all customers with minimum opening cost plus 
shipping cost, a GA and an AIS algorithm are developed, and the results showed that 
the AIS algorithm exhibits robust performance and improvements in large size 
problems in comparison to situations when only GA is used.  

Some other bio-inspired methods are also used in the approaches of hybridization 
of bio-inspired methods, in combination with previously mentioned methods (FLC, 
GA, AIS) and with methods such as local search [33], tabu search [34], and simulated 
annealing [35].  

It can be seen, and noticed, that new innovative informational/computational 
paradigms, such as chaotic systems, quantum informatics, and DNA computing, 
provide valuable inspiration to create new heuristics for complex optimization 
problems including a host of NP-hard problems. Thus, the extensions of current bio 
inspired methods based on these new paradigms are expected to achieve dramatic 
improvement on computational performance. For example, chaotic sequencing and 
local search operations have been successfully applied for helping evolutionary 
algorithms avoiding premature convergence effectively [36]. Also, quantum-inspired 
evolutionary algorithms are regarded to the complex interaction between quantum 
computing and evolutionary algorithms [37] and have been applied in some logistics 
distribution and supply chain management optimization problems in very recent 
research [38]. To improve presented experimental results one innovative research area 
that uses fuser as part of multiple classifier system, which is discussed in designing 
fusers on the basis on discriminants – evolutionary and neural networks models [39], 
could form part of future research in hybrid system for vehicle routing problem.   

It is important to note that swarm-based methods and AIS are not yet mature and 
thus are expected to gain more research interests. With the increasing importance and 
complexity of vehicle routing problem in logistics distribution systems, researches are 
facing the challenges to promote the performance, reliability, and scalability of supply 
chain management problem solving methods.   

6 Conclusion and Future Work  

Today’s logistics distribution and SCM systems have to deal with ever-changing 
markets and intrinsic structural complexity emerging from virtually infinite number of 
interacting entities. Therefore, the community requires effective artificial intelligence 
methods and tools for modelling and optimizing large scale complex logistics 
distribution and SCM systems. The paper has reviewed the recent development of 
main bio-inspired methods in VRP to solve logistics distribution applications. Typical 
illustration is addressed for evolutionary algorithms, genetic algorithms, swarm-based 
intelligent algorithms including ant colony, and other bio inspired methods like 
artificial immune systems. It is clear that evolutionary algorithms and their hybrids 
have shown the best performance up to now. Over the last decade, bio inspired 
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methods have experienced a rapid growth and have successfully been applied to the 
design and optimization of highly complex systems such as logistics distribution 
systems. Finally, hybrid systems for vehicle routing problems are not yet mature 
fields of research and these approaches certainly show great promise for the future 
work.  
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Abstract. Fuzzy c-means (FCM) is a widely used unsupervised pattern recogni-
tion method for medical image segmentation. The conventional FCM algorithm 
and some existing variants are either sensitive to noise or prone to loss of  
details. This paper presents a modified FCM algorithm that incorporates bilater-
al filtering for medical image segmentation. The experimental results and quan-
titative analyses suggest that, compared to the conventional FCM, the proposed 
method improves clustering performance with higher standard of noise-
resistance and detail-preservation.  

Keywords: Fuzzy c-means, bilateral filtering, image segmentation, noise-
resistance.  

1 Introduction 

Fuzzy c-means (FCM) clustering [1-3] is an unsupervised pattern recognition tech-
nique that has been successfully applied to clustering, classifier designs, and feature 
extraction in fields including medical imaging, geology, target recognition, and image 
segmentation. The FCM algorithm classifies images by grouping points with similar 
features into clusters. The algorithm iteratively minimizes a cost function which is 
dependent on the pixels to the cluster centers in the feature domain. 

Medical image pixels are highly correlated, i.e. the pixels in the immediate neigh-
bors possess similar feature data. In other words, the probability that adjacent pixels 
belong to the same cluster is great. Therefore, effectively using relationship of neigh-
boring pixels can be of great aid in medical image segmentation [12]. However, if an 
image is corrupted by noise, the intensity value of some pixels may differ dramatical-
ly from that of their neighbors. Due to the fact that FCM algorithm does not take 
neighboring image pixels into account, neighboring pixels could be wrongly grouped 
into different clusters. This drawback of FCM algorithm also consequently makes it 
produce inhomogeneous segmentation results on noisy images. Therefore it is neces-
sary to modify the conventional FCM algorithm for reducing noises and preserving 
details. 

Inspired by the bilateral filtering [4-5], a new segmentation method for FCM clus-
tering is proposed in this paper. This method applies bilateral filtering to utilize  
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information from the neighboring pixels. Experiments of this method on magnetic 
resonance (MR) images show that this scheme reduces the effect of noise and makes 
the clustering result more homogeneous with improved image detail preservation. 

2 Related Works 

Fuzzy c-means (FCM) is one of the commonly-used methods for image segmentation. 
However, the segmentation result is usually undesired when it is applied to noisy 
images. 

Series of contributions have been made to improve the FCM algorithm. Höppner 
and Klawonn [6] introduced a new way to modify objective function and to constrain 
the membership functions. A new FCM algorithm was proposed with improved fuzzy 
partitions. Zhu et al. [7] introduced a novel membership constraint function and con-
structed a new objective function which generalized the fuzziness index m. The  
methods above improved the conventional FCM algorithm by modifying objective 
function. 

The lack of noise-resistance for conventional FCM clustering is partly caused by 
the fact that the conventional FCM dos not fully utilize the spatial information. A lot 
of effort has been made to improve the noise-resistance of FCM with utilization of the 
spatial information.  

Pedrycz and Waletzky [8] utilized the available classification information and ap-
plied it as part of their optimization procedures. Ahmed et al. [9] modified the  
objective function of the conventional fuzzy c-means algorithm to compensate for 
inhomogeneity and to allow the labeling of a pixel to be influenced by the labels in its 
immediate neighborhood [10]. Chen and Zhang [11] proposed two variants of the 
method proposed by Ahmed et al. [9] which simplified the neighborhood term of  
the objective function and reduced the execution times of the algorithm. However, the 
methods above are only applied to single-feature inputs. Chuang et al. [12] presented 
a fuzzy c-means algorithm that incorporated spatial information in the membership 
function for clustering. The spatial function is the summation of the membership 
function in the neighborhood of each pixel. The modified FCM algorithm significant-
ly improves the noise-resistance of conventional FCM. However, due to the fact that 
mean filter used in this work simply makes an average of neighboring pixels without 
taking other information into account, this method may lead to loss of details. 

3 Methods 

3.1 Fuzzy C-Means(FCM) Algorithm 

FCM is one of most widely used methods for data analysis. This algorithm generates 
fuzzy partitions and prototypes for any set of numerical data [1]. In image segmenta-
tion, let , , …  denotes an image with N pixels to be partitioned into c 
clusters, where  represents multiple-feature data. The objective function J of FCM 
algorithm can be described as follows: 
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∑ ∑ ∑ ∑ . (1)

where ∈ 0,1 , represents the membership degree of pixel in the ith cluster;  
is the centroid of clusters i; , 1, is the fuzzy index which controls the fuzzi-
ness of the resulting partition; || || is the any norm metric that measures the dis-
tance between pixel  to centroid  ; and it satisfies the following constraint given 
by Equation (2). ∑ 1, 1,2, … . (2)

The membership function represents the probability that a pixel belongs to a specific 
cluster. In the FCM algorithm, the probability is dependent solely on the distance 
between the pixel and each individual cluster centroid in the feature domain. The 
membership functions are cluster centroids are updated by Equation (3) and Equation 
(4), respectively. ∑ / ; 1 , 1 .  (3)

∑∑ ; 1 .  (4)

FCM converges to a solution for  representing the local minimum or a saddle point 
of the objective function  in Equation (1). Convergence can be detected by com-
paring the changes in the membership function or the cluster centroid at two succes-
sive iteration steps.  

The general procedure of FCM algorithm is shown by following [1]: 

1. Determine value of c, m and converging error ε(in this paper, ε 0.00001). Ran-
domly choose an initial membership matrix  with the constraint of Equation 
(2). Then at step k,  1,2,3, … , LMAX. 

2. Compute cluster centroids , i 1,2,3, … ,  with Equation (4). 

3. Compute an updated membership matrix  with Equation (3). 

4. Compare  to  or  to  or  to  in any convenient 
norm. Computation stops if the difference is less than ε. Otherwise, set 

 and return to step 2. 

3.2 FCM with Bilateral Filtering 

Bilateral filtering proves to be a good method for noise reduction and edge preserva-
tion. To incorporate bilateral filtering into FCM algorithm, a filter function is defined 
as follows: ∑ , ,   (5)
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where  represents a square window centered on pixel  in the spatial domain, ,  represents domain filter and ,  represents range filter. The two 
filters follow the Gaussian distribution. Their variance is denoted as  and  re-
spectively.  represents the conventional membership function of point  to  
cluster i.  

The filter function is incorporated into the membership function in the convention-
al FCM method as follows: 

∑   (6)

where p and q are parameters to control the relative importance of both functions [12]. 
 is transformed into the weight of corresponding  to calculate the new member-

ship function . If the center pixel is in a homogenous region, the filter function 
becomes a Gaussian filter, and the clustering result will be the same as the conven-
tional FCM. For a noise point, its filter function is small because its membership 
function value for a cluster is quite different from its neighbors and the range filter 
will generate a smaller result. As a result, noisy pixels are more likely to be classified 
correctly. In the following sections, the FCM with bilateral filtering with parameter p 
and q is denoted as bFCMp,q. Note that bFCM1,0 is identical to the conventional FCM. 

The membership function is calculated through the conventional FCM algorithm 
first and the bilateral filter function is then applied to membership function matrix in 
each iteration. The algorithm ends when the difference of objective function between 
the two successive iterations is less than a threshold (In this study, the threshold = 
0.01). After that, each pixel is grouped into a specific cluster for which the member-
ship function is maximal. 

4 Experiments 

4.1 Image Data 

In this study, magnetic resonance (MR) images are applied to demonstrate the effect 
of bFCM. The image was corrupted by Gaussian noise with signal-to-noise ratio 
(SNR) = 10 and 5. The image was grouped into three clusters in experiments and a 5 5 window for filters is chosen throughout the whole work. 

4.2 Cluster Validity Functions and Methods for Discriminative Analysis 

Three kinds of cluster validity functions were used in this study to evaluate the per-
formance of clustering. They are partition coefficient Vpc [13], partition entropy Vpe 
[14] and Vxb defined by Xie and Beni [15]. They are defined as follows: ∑ ∑

 (7)

∑ ∑ log
 (8)
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Vpc and Vpe measure fuzziness of the partition. Better partition should have less fuzzi-
ness. Therefore greater Vpc or smaller Vpe stands for better clustering performance [13] 
[14]. 

Vxb measures feature structure which remedies the lack of connection to the featur-
ing property if Vpc or Vpe is used. A better clustering is expected to have smaller value 
of Vxb. [15] 

 

Fig. 1. (a) MR image used for study. (b) Noisy image added with noise SNR = 10. (c) Noisy 
image added with noise SNR = 5 

 

Fig. 2. Segmentation results of MR image using (a) FCM; (b) bFCM0,2 (c) bFCM1,1 

 

Fig. 3. Segmentation results of noisy MR image (SNR=10) using (a) FCM; (b) bFCM0,2; (c) 
bFCM1,1 
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The conventional FCM and an existing improved FCM algorithm [12] are used in 
this work for the performance comparison as discriminative analysis. Named as sFCM, 
with the use of a mean filter, this algorithm incorporates spatial information into the 
membership function thereby utilizes information from the neighbors of each pixel [12]. 

5 Results and Discussion 

Fig. 1(a) shows the MR image of brain tissues. Fig. 2(a) shows the segmentation re-
sult generated by the conventional FCM algorithm and Fig. 2(b) and (c) show the 
results of the FCM with bilateral filtering with parameters(p=0, q=2) and (p=1, q=1), 
respectively. In Fig. 2(b) and (c), ,  values (4, 0.4). The conventional FCM 
classifies the MR image into three clusters with relatively high homogeneity. Howev-
er, some spurious points still appear inside the black area. Compared to the conven-
tional FCM algorithm, the segmentation results of FCM with bilateral filtering is al-
most the same, while spurious points are reduced in black area and the segmented 
images are more homogeneous. It is observed that Fig. 2(b) looks more homogeneous 
than Fig. 2(c) because it has a higher q parameter. Better smoothing effect is achieved 
when parameter q is higher. 

Table 1. The clustering results of noisy images using various FCM algorithms 

Image Algorithm Vpc Vpe Vxb 
Noise added MR 
image 
SNR = 10 
 

FCM 0.8498 0.2787 0.0237 
sFCM0,2 0.7869 0.3544 0.0743 
sFCM1,1 0.9122 0.1562 0.0261 
bFCM0,2 0.9279 0.1333 0.0291 
bFCM1,1 0.9407 0.1056 0.0263 

Noise added MR 
image 
SNR = 5 

FCM 0.8318 0.3072 0.0264 
sFCM0,2 0.7135 0.4905 0.1335 
sFCM1,1 0.8796 0.2134 0.0272 
bFCM0,2 0.8978 0.1878 0.0322 
bFCM1,1 0.9220 0.1377 0.0280 

 
Fig. 1(b) and (c) show the MR images added with Gaussian noise, whose SNR 

values are 10 and 5, respectively. Fig. 3(a) shows the segmentation result of Fig. 1(b) 
(SNR=10) generated by the conventional FCM algorithm. As can be seen, the con-
ventional FCM algorithm misclassifies numerous pixels because the added noises 
change the pixel values of these points. Compared with Fig. 2, the segmentation result 
of the conventional FCM algorithm has many spurious points caused by noise. Espe-
cially in the brain center, which is black in segmented image, there are many white 
and gray points. Fig. 3(b) and (c) show the results of the FCM with bilateral filtering 
with parameters (p=0, q=2) and (p=1, q=1), respectively. In Fig. 3(b) and (c), ,  
values (4, 0.4). It can be easily observed that, the segmentation results created by 
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bFCM are more homogeneous than that of the conventional FCM algorithm as the 
majority of the spurious points are obliterated. The bilateral filter that incorporated 
with membership function weakens the effect of noise because the weight  calcu-
lated in its neighboring pixels is small. Furthermore, the pixels that are correctly clus-
tered are enhanced because the weight calculated in its neighbors is large. Conse-
quently, FCM with bilateral filtering significantly corrects the misclassification 
caused by noise and the result is similar to that of original image. 

 

Fig. 4. Vpc of FCM, sFCM and bFCM with ,  = (4, 0.4) 

 
Fig. 5. Vpe of FCM, sFCM and bFCM with ,  = (4, 0.4) 
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Table 1 lists validity functions of the conventional FCM, sFCM [12] and bFCM 
when they are applied on noisy images. Fig. 4 and Fig. 5 illustrate Vpc and Vpe with 
bar chart respectively. Considering segmented results as well as validity functions, ,  for bFCM and sFCM [12] is defined as (4, 0.4). Compared with the conven-
tional FCM algorithm, Vpc and Vpe of bFCM are much better. Especially for bFCM1,1, 
the increase in Vpc is around 0.1 and the reduction in Vpe is more than 50% when SNR 
equals 10. Compared with sFCM [12], the improvement with parameter (p=0, q=2) is 
evident. With parameter (p=1, q=1), the increase in Vpc is around 0.03 and the reduc-
tion in Vpe is about 33% when SNR equals 10. 

In contrast to the improvement of Vpc and Vpe, Vxb which measures feature structure 
hardly changes with the use of bFCM and even increases a little. It can be explained 
by the fact that the FCM with bilateral filtering modifies the membership function on 
the basis of neighboring information, which reduces the compactness of feature do-
main. 

Table 2. The clustering results of noisy image with SNR = 10 using bFCM 

(σd, σr) Vpc Vpe Vxb 
bFCM0,2 bFCM1,1 bFCM0,2 bFCM1,1 bFCM0,2 bFCM1,1 

(3, 0.2) 0.9552 0.9499 0.0838 0.0892 0.0275 0.0266 
(3, 0.3) 0.9457 0.9464 0.1028 0.0958 0.0278 0.0264 
(3, 0.4) 0.9281 0.9406 0.1330 0.1056 0.0290 0.0263 
(4, 0.2) 0.9554 0.9501 0.0835 0.0889 0.0276 0.0267 
(4, 0.3) 0.9457 0.9465 0.1029 0.0957 0.0278 0.0265 
(4, 0.4) 0.9279 0.9407 0.1333 0.1056 0.0291 0.0263 
(5, 0.2) 0.9555 0.9502 0.0834 0.0888 0.0276 0.0267 
(5, 0.3) 0.9457 0.9465 0.1029 0.0956 0.0279 0.0265 
(5, 0.4) 0.9278 0.9407 0.1335 0.1056 0.0291 0.0263 

Table 3. The clustering results of noisy image with SNR = 5 using bFCM 

(σd, σr) Vpc Vpe Vxb 
bFCM0,2 bFCM1,1 bFCM0,2 bFCM1,1 bFCM0,2 bFCM1,1 

(3, 0.2) 0.9457 0.9390 0.1016 0.1078 0.0304 0.0295 
(3, 0.3) 0.9293 0.9325 0.1339 0.1197 0.0297 0.0288 
(3, 0.4) 0.8981 0.9221 0.1872 0.1376 0.0319 0.0280 
(4, 0.2) 0.9459 0.9392 0.1014 0.1075 0.0304 0.0295 
(4, 0.3) 0.9292 0.9325 0.1343 0.1197 0.0297 0.0288 
(4, 0.4) 0.8978 0.9220 0.1878 0.1377 0.0322 0.0280 
(5, 0.2) 0.9460 0.9393 0.1013 0.1074 0.0305 0.0295 
(5, 0.3) 0.9291 0.9326 0.1344 0.1197 0.0297 0.0292 

(5, 0.4) 0.8977 0.9220 0.1881 0.1378 0.0326 0.0280 

Table 2 and Table 3 tabulate the validity functions to evaluate the performance of 
clustering for two noisy images. It can be seen from the results that σd has little effect 
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on values of validity functions. With the increase of σr which leads to better smooth-
ing effects on segmented results, the validity functions change oppositely. Validity 
functions of bFCM with parameter (p=0, q=2) change more swiftly than that with 
parameter (p=1, q=1). 

6 Conclusion 

The proposed bFCM for medical image segmentation is designed to reduce image 
noise as well preserve details. By incorporating bilateral filtering into the convention-
al FCM algorithm, membership functions of the neighbors of the center pixel are 
processed by the bilateral filter to calculate the new membership function. The effect 
from noisy pixels is weakened by this bilateral filter and the segmentation result be-
comes more homogeneous. 

This new method was tested on MR images. An existing modified FCM called 
sFCM [12] and various validity functions are applied for conducting discriminative 
and analytical experiments to evaluate the performance of the new method. The expe-
rimental results show the new method has superior image noise-resistance and detail-
preservation over both the conventional FCM and sFCM [12]. 
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Abstract. Fuzzy c-means algorithm (FCM) is one of the most widely
used clustering methods for modern medical image segmentation applica-
tions. However the conventional FCM algorithm has certain possibilities
of converging to a local minimum of the objective function, thus lead
to undesired segmentation results. To address this issue, an improved
FCM which is based on clustering centroids updates with the use of
particle swarm optimization (PSO) is proposed in this paper. This al-
gorithm is designed to support multidimensional feature data and be
accessible through parallel computation. The experimental results sug-
gest that, compared to the conventional FCM algorithm, the proposed
algorithm leads to higher chances of global optimum clustering and is
less computationally intensive when large clustering number is needed.

Keywords: Fuzzy c-means, Particle swarm optimization algorithm,
Image segmentation, Clustering, Swarm intelligence.

1 Introduction

Magnetic resonance imaging (MRI), a typical multi-spectral imaging technique,
is a preferred imaging modality for examining brain shape, volume and tissue
distribution altered by neurological conditions [7]. Image segmentation on the
brain magnetic resonance (MR) images is an important process for measuring
these physiological and anatomical alterations [7].

Fuzzy c-means (FCM) clustering [1,5,6] is a typical unsupervised pattern
recognition method that has been successfully applied to feature analysis, clus-
tering, and classifier designs in the fields such as astronomy, geology, medical
imaging, target recognition, and image segmentation. This method was initially
developed and improved by Dunn [8] and Bezdek [9], respectively. Being fre-
quently used in pattern recognition, FCM algorithm separates the input mul-
tidimensional dataset into clusters by grouping the similar data points. The
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clustering is achieved by iteratively minimizing an objective function which is
based on measuring the distance of each data point to the cluster centroids in
the feature domain.

Several investigators have developed segmentation schemes by the use of FCM
method [1-4]. However, some of these methods do not utilize the multi-spectral
information in the MR images [7]. Furthermore, due to the fact that its initial
clustering centroids are not globally optimized and each iteration in the compu-
tation does not communicate with the previous ones, FCM always converges to a
local optimum. Furthermore, its clustering is greatly impacted by the initial cen-
troids or membership function. In the recent years, some optimum approaches
have been applied to improve FCM algorithm in this aspect. Most of them are
focused on improving the membership function and objective function, such as
the use of a genetically guided approach in the objective function [13] [14], the
application of Mahalanobis distances [15] [16], the optimization of membership
function by particle swarm optimization (PSO) algorithm [16-19] and the inclu-
sion of the spatial information [7].

With the objective of improving the performance of FCM algorithm for brain
MR image segmentation, this paper introduces a new clustering scheme by the
incorporation of PSO into FCM. By treating FCM algorithm as a process of
looking for the minimum value in the potential solutions of a nonlinear func-
tion, this study takes advantage of PSO to reach an agreement of the candidate
solutions, thereby obtaining optimal centroid value of each cluster. Compared
to the conventional FCM, this scheme greatly reduces the possibility of falling
into local optimum and shows higher performance when the number of clusters
is large.

2 Method

2.1 Fuzzy C-Means(FCM) Algorithm

The FCM algorithm is one of most widely used methods for data analysis. This
program generates fuzzy partitions and prototypes for any set of numerical data
[20]. In image segmentation, let X = (x1, x2, x3, ..., xN ) denotes an image with
N pixels to be partitioned into c clusters, where xi represents multidimensional
data. The objective function of FCM algorithm can be described as follows:{

JFCM =
∑N

j=1

∑c
i=1 μ

m
ijd

2
ij =

∑N
j=1

∑c
i=1 μ

m
ij � xj − ai �

2 ,∑c
i=1 μij = 1, ∀j = 1, 2, 3, ..., N .

(1)

where μij ∈ [0, 1] represents the membership degree of pixel xj in the ith cluster;
ai is the centroid of cluster i;m > 1 is the fuzzy index which controls the fuzziness
of the resulting partition; d2ij = ||xj − ai||2 is the Euclidean distance between
pixel xj to centroid ai;
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The membership functions and cluster centroids update as shown in Equation
(2) and Equation (3):

μij = [

c∑
k=1

(
||xj − ai||
||xj − ak||

)
2

m−1 ]−1; 1 ≤ j ≤ N, 1 ≤ i ≤ c . (2)

ai =

∑N
j=1 μ

m
ijxj∑N

j=1 μ
m
ij

; 1 ≤ i ≤ c . (3)

The general procedure of FCM algorithm is shown by following [20]:

1. Determine value of c, m and converging error ε(in this paper, ε = 0.00001).
Randomly choose an initial membership matrix u(0) with the constraint of
Equation (1). Then at step k, k = 1, 2, 3, ..., LMAX .

2. Compute cluster centroids a
(k)
i , i = 1, 2, 3, ..., c with Equation (3).

3. Compute an updated membership matrix u(k+1) = [μ
(k+1)
ij ]c×N with Equa-

tion (2).
4. Compare u(k) to u(k+1) or a(k) to a(k+1) or J (k) to J (k+1) in any convenient

norm. If the changes are less than ε, stop. Otherwise, set u(k) = u(k+1) and
return to 2.

2.2 Particle Swarm Optimization (PSO) Algorithm

There are two insights of a process of optimization of swarm particles [11]: (1)
being assumed as particles in space, the points will tend to move toward and
influence one another, with the objective of seeking agreement with their neigh-
bors; (2) the space in which the particles move is heterogeneous with respect to
evaluation: some regions are better than others. Some points in the parameter
space result in greater fitness than others. With this architecture, the process of
finding better regions can be viewed as solving the problems of optimization.

As a typical method for the implementation of swarm intelligence (SI), the
PSO algorithm [10] [11] was inspired by social behavior of bird flocking or fish
schooling. PSO is a population-based stochastic optimization (known as meta-
heuristics) technique and also a popular and robust strategy for some optimiza-
tion problems [12]. PSO algorithm suggests that individuals moving through a
sociocognitive space should be influenced by their own previous behavior and by
the successes of their neighbors [21]. As the system is dynamic, each individual is
presumed to be moving at all times: this is the Lewinian concept of locomotion.
The direction of movement is a function of the current position and velocity, the
location of the previous best success of individual, and the best position found
by any member of the neighborhood [21]. It shows as Equation (4).{

vi(t) = vi(t− 1) + ϕ1(pl − xi(t− 1)) + ϕ2(pg − xi(t− 1)),
xi(t) = xi(t− 1) + vi(t).

(4)

In Equation (4), xi is the algebraic vector symbol of the position of a particle i;
vi is called for velocity, it is a vector that are added to the position coordinates
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in order to move the particle through iteration; ϕ1 and ϕ2 are the effective
parameters; pl is the best solution of particle i in advance; pg is the best solution
of all particles in advance.

2.3 PSO-FCM Algorithm

Taking the membership functions into the objective function, Equation (1) can
be changed as follows:

JFCM = JFCM (a, X) =

N∑
j=1

c∑
i=1

[

c∑
k=1

(
||xj − ai||
||xj − ak||

)
2

m−1 ]−m||xj − aj ||2 . (5)

Minimizing the objective function with the constraint as Equation (1) is a non-
trivial constraint nonlinear optimization task with continuous parameters ai and
μij , and there is no closed-form solution. However, PSO algorithm is qualified to
solve this problem as its swarm particles scan all potential solutions. With the
use of PSO algorithm, the task of minimizing the objective function becomes a
process of searching the minimum value of JFCM at the optimal cluster centroid
a = (a1, a2, ..., ac) in Equation (5).

In order to use PSO algorithm to obtain the minimum value of JFCM , the
self-optimal centroid pl and the global optimal centroid pg are required to be
determined. If n particles are used to search the best solution of cluster centroid
a, every particle denotes a potential solution to a, so the particle h is represented
as ah = (ah1, ah2, ..., ahc) and Jh represents the objective function value at a =
ah. Then, the self-optimal centroid of particle h named phl can be defined easily
as the value of ah when the minimum Jh in the previous iterations is obtained.
However, with Equation (5) and Equation (1), the global optimal centroid pg is
difficult to be defined correctly. This challenge is caused by that, in these two
equations, every particle has its own membership matrix uh, 1 ≤ h ≤ n by which
Jh is calculated. Let pg equal to ah for min1≤h≤n(Jh), it will result in a large
number of iterations or even lead to divergence. Hence, a unified membership
matrix ug produced by the global optimal centroid pg = (pg1, pg2, ..., pgc) as
Equation (6) is used. Equation (5) can therefore be improved to Equation (7)
for calculating every particle value of objective function.{

ug = [μij ]c×N ,

μij = [
∑c

k=1(
||xj−pgi||
||xj−pgk||)

2
m−1 ]−1; 1 ≤ j ≤ N, 1 ≤ i ≤ c.

(6)

Jh = J(ah, X) =

N∑
j=1

c∑
i=1

μm
ij ||xj − ahi||2; 1 ≤ h ≤ n . (7)

To determine the global optimal centroid pg, Equation (7) is divided into c
components like Equation (8) where jhi represents the ith cluster component of
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objective function of particle h, thus results in c n-dimensional vectors j1 to jc
where ji = (j1i, j2i, ..., jni).{

Jh = jh1 + jh2 + jh3 + ...+ jhc; 1 ≤ h ≤ n ,

jhi =
∑N

j=1 μ
m
ij ||xj − ahi||2; 1 ≤ h ≤ n, 1 ≤ i ≤ c .

(8)

To minimize the value of objective function, every cluster component of objective
function must be minimized. So every element of the global optimal centroid pg

can be defined as Equation (9).

pgi = ahi, where h produced by jhi = min(ji); 1 ≤ i ≤ c . (9)

PSO algorithm can be consequently taken into looking for the cluster centroids
by the following Equation (10).{

vh(t) = vh(t− 1) + ϕ1(phl − ah(t− 1)) + ϕ2(pg − ah(t− 1)),
ah(t) = ah(t− 1) + vh(t).

(10)

When using PSO algorithm to find the extremum of a function, after several
iterations it will fall in a stable state and almost all particles are equal to
the global optimal centroid pg. Then the criteria for stopping iteration of al-

gorithm can be defined as same as FCM algorithm, i.e., compare (u
(k+1)
g − u

(k)
g )

or max(a
(k+1)
h −a

(k)
h ) or max(J

(k+1)
h −J

(k)
h ) or (p

(k+1)
g −p

(k)
g ) to ε in any norm.

Stop iteration if it is less than ε.

3 Experiments and Analytical Discussions

3.1 Data

In this paper, all test data are brain MR images of Tesla 1.5 with 256 × 256
pixels [26], one T2-AXIAL MR image is used as 1-dimensional feature data,
one T1-CM MR image and one T2-AXIAL MR image from same patient are
combined as 2-dimensional feature data. Both FCM and PSO-FCM algorithm
use fuzzy index m = 2 and the PSO effective parameters ϕ1 = 0.1 × rand(1)
and ϕ2 = 0.3 × rand(1), where rand(1) represents a random number from 0 to
1 and it will make the trajectory of every particle as the sine wave[21].

3.2 Clustering Validity Functions

Two types of clustering validity functions, fuzzy partition and feature structure,
are often used to evaluate the performance of clustering in different clustering
methods. The validity functions based on fuzzy partition are partition coefficient
Vpc[22] and partition entropy Vpe[23]. They are defined as follows:

Vpc =

∑N
j=1

∑c
i=1 μ

2
ij

N
(11)
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Vpe =
−
∑N

j=1

∑c
i=1 μij logμij

N
(12)

The best clustering is achieved when the value Vpc is maximal or Vpe is minimal,
it expresses that less fuzziness means take better performance.

Another kind of validity functions is based on the feature structure [24] [25],
it considers not only the fuzzy partition, but also make a direct connection to
the featuring property. Vxb is widely used one of this kind of validity functions
and defined as Equation (13).

Vxb =

∑N
j=1

∑c
i=1 μ

m
ij ||xj − ai||2

N × (min1≤k,m≤c,m �=k||ak − am||2)
(13)

A good clustering result generates samples that are compacted within one cluster
and samples that are separated between different clusters. Minimizing Vxb is
expected to lead to a good clustering [24].

3.3 Validity Experiments and Analytical Discussions

The correctness of PSO-FCM algorithm is validated by the comparison with that
of the conventional FCM. Both 1-dimensional and 2-dimensional feature data
are chosen in this experiment. Twenty images per kind of data were divided into
four teams. From team one to team four, images are grouped into three to six
clusters by both FCM and PSO-FCM. Three types of average errors are obtained
according to Equation (14).⎧⎪⎨⎪⎩

eu =
∑c

i=1

∑N
j=1 |μFCM ij

− μPSO−FCM ij
|,

ea = 1
c×d

∑c
i=1

∑d
k=1 |aFCM ik

− aPSO−FCMik
|,

eJ = |JFCM − JPSO−FCM |
(14)

where c is the number of clusters to be partitioned; d is the feature dimension
of input data; aFCMik

and aPSO−FCMik
are the centroid of cluster i in kth

dimensional data calculated by FCM and PSO-FCM; μFCMij and μPSO−FCMij

represent the membership degrees of pixel xj in cluster i obtained by FCM and
PSO-FCM; JFCM and JPSO−FCM represent the values of objective function
obtained by FCM and PSO-FCM, respectively. Table 1 shows the experimental
results. In Table 1, the means of average errors with different clustering numbers
in each team are consistently close to zero. These values indicate that the results
of membership functions, cluster centroids and objective functions from both
FCM and PSO-FCM algorithms are nearly identical. This shows that FCM and
PSO-FCM algorithm almost produce the same experimental results, thus proves
the correctness of PSO-FCM algorithm.

3.4 Speed Testing Experiments

The number of iterations which is closely related to the running time of PSO-
FCM algorithm is used to test the speed of a clustering process. Three testing
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Table 1.Means of average errors between FCM and PSO-FCM in each team of different
dimensional feature data

Image feature Team number Clustering number eu(10
−12) ea(10

−4) eJ

1-dimensional 1 3 4.41 10 0.582
2 4 5.18 6 0.698
3 5 0.892 17 0.0264
4 6 9.88 5.5 0.3249

2-dimensional 1 3 0.277 1.37 0.0075
2 4 3.13 7.82 0.1042
3 5 1.58 2.4 0.1856
4 6 4.33 1.05 0.0945

experiments are included to determine the regular pattern of iterations and the
relationships between iterations, particle size and clustering number.

The Regular Pattern of Iterations. In this experiment, we select two sets of
images of both 1-dimensional and 2-dimensional feature data as before. Each set
has three testing images. All images are applied in PSO-FCM algorithm with
three particles and each image is divided into three, four, five clusters. Each
trial is repeated ten times. Max/Min column shown in Table 2 represents the
maximum/minimum iteration number among the ten trials, while Mean column
represents the average value.

Table 2. Mean number of iterations required to partition different clusters on each of
the three images for the two sets, and the minimum and maximum number of iterations
required

1-dimensional 2-dimensional
Image Clustering feature data feature data
number number Max Min Mean Max Min Mean

1 3 754 566 649.3 793 524 636.6
4 764 581 641.1 800 503 678.5
5 802 553 648.5 780 546 657.8

2 3 740 524 634.8 772 502 647.7
4 794 503 646.1 797 509 628.7
5 783 509 632.1 777 523 631.7

3 3 786 545 670.7 767 515 631.3
4 762 561 676 782 506 646.4
5 779 522 660.7 751 519 636.2

From Table 2, it can be seen that the number of iterations is between 500 and
800 and the means are basically fixed in the small range between 630 and 670
with three particles regardless clustering number and data dimension. Further-
more, we can confirm that the number of iterations of PSO-FCM remains stably
in a fixed range with the same particle size.
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The Relationship between Iterations and Particle Size. We select one
1-dimensional image data and divide it into four clusters with three, five, ten and
fifteen particles. Ten trials are repeated for each above case. Table 3 tabulates
the results.

Table 3. Mean number of iterations required to partition same clusters with different
particle size on the same image, and the minimum and maximum number of iterations
required

Particle size Max Min Mean

3 764 581 641.1
5 646 505 572
10 615 416 497.7
15 586 435 487.3

One advantage of PSO algorithm is that the increased particle size improves
implementation efficiency which alternatively means the number of iterations
decreases. From Table 3, it can be clearly seen that the mean value of itera-
tions decreases while the particle size increases. So it can be inferred that larger
particle size leads to less number of iterations.

The Relationship between Iterations and Clustering Number. When
using PSO-FCM algorithm in image segmentation, the particles work as individ-
uals. So the computational overhead of all particles can be worked in parallel. In
PSO-FCM algorithm, assuming that the swarm only has one particle, the time
consumption is as the same as the FCM algorithm. So if using parallel computing
approach to implement PSO-FCM algorithm, the overhead of several particles is
equal to that of only one particle. In summary, time consumption of both FCM
and PSO-FCM can be viewed as iteration number.

In this experiment, only one image is selected and divided into three, four,
five, six, seven, eight, nine, ten, twelve and fifteen clusters for FCM and PSO-
FCM algorithm respectively. The particle size is fixed at three. This experiment
makes a comparison with the conventional FCM algorithm when the clustering
number increases. Fig. 1 shows the results of the experiment.

It can be seen from the previous experiments that the PSO-FCM algorithm
usually need a large number of fitness evaluations before a satisfying result can
be obtained, which can also be viewed as the main difficulty in applying PSO to
real-world applications. However, its number of iterations is only affected by the
particle size, but not the clustering number. Therefore the increased clustering
number improves the efficiency of PSO-FCM. It can be learnt From Fig. 1 that,
the number of iterations is linear with the clustering number in the partition by
using FCM algorithm. But the number of iterations remains stably in a fixed
range in the case of PSO-FCM algorithm. Compared to the conventional FCM,
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Fig. 1. The relationship between iterations and desired number of clusters when using
FCM and PSO-FCM algorithm

PSO-FCM has worked more efficiently when large clustering number of twelve
and fifteen is used, and this maintains in a foreseeable view.

3.5 Performance Experiments

Ten 2-dimensional images are randomly selected and divided into four clusters
used FCM and PSO-FCM algorithm, respectively. The particle size of PSO-FCM
is fixed at three. The value of the objective function and the cluster validity
functions computed through various algorithms are shown in Table 4. In most
cases, the objective function and validity functions based on the FCM and PSO-
FCM are nearly the same. However it can be observed that, PSO-FCM creates
better clustering results than the conventional FCM in 3 out the 10 cases. For
example, in the first case, PSO-FCM reduced 28% in the value of objective
function, 34% in Vpe, 94% in Vxb and improved 5% in Vpc, compared to those of
the conventional FCM.

The robustness of an algorithm can be expressed as whether the algorithm gets
the correct results in multiple times. Table 4 tabulates the experimental results
used to evaluate the performance of FCM and PSO-FCM clustering for ten
images. It is found that the conventional FCM algorithm has a great probability
to fall into a local optimum. This time the conventional FCM could not get the
minimum value of the objective function thus creates validity functions showing
inferior performance.

We also list an example to explain the significance of the PSO-FCM algo-
rithm. Fig. 2(a) (b) is one of the ten double-feature images which fall into a
local optimum used conventional FCM. The four target clusters are to partition:
cerebral-spinal fluid (CSF), skull, intracranial tissues and fat. Fig. 2 (c), (d), (e)
and (f) show the segmentation results obtained by using a conventional FCM
algorithm and Fig. 2 (g), (h), (i) and (j) show the results of the PSO-FCM al-
gorithm, respectively. As can be seen, the conventional FCM misclassifies skull
and the intracranial tissues like Fig. 2 (f) and Fig. 2 (j) because it fall into a
local optimum. Thus the PSO-FCM algorithm makes a significant improvement
to avoid this issue in the conventional FCM algorithm.
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Table 4. The clustering results of ten 2-dimensional images using various FCM
techniques

Image number Techniques Jobj(10
7) Vpc Vpe Vxb

1 FCM 1.883 0.8846 0.2152 0.2917
PSO-FCM 1.355 0.9327 0.1411 0.0163

2 FCM 2.369 0.8618 0.2614 0.1140
PSO-FCM 2.369 0.8618 0.2613 0.1140

3 FCM 1.876 0.9110 0.1814 0.0250
PSO-FCM 1.876 0.9110 0.1814 0.0250

4 FCM 2.341 0.8587 0.2619 0.2732
PSO-FCM 1.853 0.9050 0.1896 0.0386

5 FCM 2.562 0.8791 0.2260 0.2289
PSO-FCM 2.213 0.9150 0.1736 0.0274

6 FCM 2.121 0.9075 0.1883 0.0285
PSO-FCM 2.121 0.9075 0.1883 0.0285

7 FCM 1.423 0.8835 0.2184 0.1767
PSO-FCM 1.423 0.8835 0.2184 0.1767

8 FCM 1.897 0.8742 0.2386 0.1239
PSO-FCM 1.897 0.8742 0.2386 0.1239

9 FCM 2.118 0.8753 0.2563 0.0351
PSO-FCM 2.118 0.8753 0.2563 0.0351

10 FCM 2.200 0.8936 0.2130 0.0289
PSO-FCM 2.200 0.8936 0.2130 0.0289

Fig. 2. (a) T1-CM MR image and (b) T2-AXIAL MR image used for the study which
take conventional FCM into a local optimum. Segmented images of the two-dimensional
MR image using FCM (c)(d)(e)(f) and PSO-FCM (g)(h)(i)(j).
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4 Conclusion

FCM is a typical unsupervised pattern recognition method for medical image
segmentation by clustering image pixels according to their feature data proper-
ties. However, the conventional FCM algorithm may converge to a local mini-
mum of the objective function and lead to non-optimized segmentation. In this
paper, in order to direct FCM algorithm to converge to the global minimum
of the objective function, a novel PSO-FCM algorithm is proposed. The new
method is applied on MR images. Preliminary results show that, compared to
the conventional FCM, along with the improved robustness, PSO-FCM algo-
rithm decreases iteration number when clustering number is large. Evaluation
by using various validity functions suggests that PSO-FCM creates enhanced
clustering performance.
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Abstract. In this paper, an asymmetric k-means clustering algorithm
is presented. The asymmetric version of this algorithm is derived using
the asymmetric coefficients, which convey the information provided by
the asymmetry in analyzed data sets. The formulation of the asymmet-
ric k-means algorithm is motivated by the fact that, when an analyzed
data set has the asymmetric nature, a data analysis algorithm should
properly adjust to this nature. The traditional k-means approach us-
ing the symmetric dissimilarities does not apply correctly to this kind
of phenomenon in data. We propose the k-means algorithm using the
asymmetric coefficients, which has the ability to reflect the asymmet-
ric relationships between objects in analyzed data sets. The results of
our experimental study on real data show that the asymmetric k-means
approach outperforms its symmetric counterpart.

Keywords: Clustering, k-means algorithm, Asymmetry, Sound recog-
nition, Human heart rhythm recognition.

1 Introduction

The k-means clustering algorithm [2,9,10,20] is a well-known statistical data
analysis tool used in order to form arbitrary settled number of clusters in an
analyzed data set. The algorithm aims to separate clusters of possibly most
similar objects. Object represented as a vector of d features can be interpreted as
a point in d-dimensional space. Hence, the k-means algorithm can be formulated
as follows: given n points in d-dimensional space, and the number k of desired
clusters, the algorithm seeks a set of k clusters so as to minimize the sum of
squared dissimilarities between each point and its cluster centroid. The name
“k-means” was introduced in [10], however, the algorithm, itself, was formulated
by H. Steinhaus in [20].

The algorithm, in its traditional form, operates in the same way on every kind
of data set that is analyzed. However, certain data sets appear to have asym-
metric properties, which can significantly affect the results of clustering. Such
asymmetric properties occur, for example, in case of hierarchical associations
in data sets [11,12]. Therefore, data analysis methods and algorithms should
incorporate mechanisms to properly handle this kind of data.

The asymmetric k-means algorithm, proposed in this paper, is an example of
the approach, which includes the information associated with the asymmetry in
analyzed data.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 243–254, 2012.
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The asymmetric version of the k-means clustering algorithm was introduced
in [18]. However, the asymmetry in the algorithm in [18] arises caused by use
of dissimilarities, which are defined as asymmetric (for example, the Kullback-
Leibler divergence). On the other hand, in this paper, we propose the asymmetric
k-means algorithm using the symmetric similarities, which are asymmetrized by
employing the asymmetric coefficients. This kind of approach provides a proper
adjustment to the asymmetric relationships in analyzed data, and this way it
provides an accurate reflection of the asymmetric nature of data.

The method, proposed in this paper, can be also regarded as an example of
the hybrid artificial intelligence approach [1,4,5], because it operates successfully
on two kinds of analyzed data – symmetric and asymmetric.

The rest of this paper is organized as follows: in Section 2, the traditional sym-
metric version of the k-means algorithm is presented; in Section 3, the asym-
metric relationships in data sets are considered; in Section 4, the asymmetric
version of the k-means algorithm using the asymmetric coefficients is described;
in Section 5, our experimental results are reported along with the experimental
setup information; while Section 6 summarizes the whole paper, and points out
certain directions of future research.

2 Traditional k-Means Algorithm

The traditional k-means clustering algorithm consists of two alternating steps:

Step 1. Forming of the clusters: The algorithm iterates over the entire data set,
and allocates each object to the cluster represented by the centroid –
nearest to this object. The nearest centroid is determined with use of a
chosen dissimilarity measure. Hence, for each object in an analyzed data
set, the following minimal squared dissimilarity has to be found:

min
j

d2 (xi, cj) , (1)

where d (•, •) is a chosen dissimilarity measure, xi, i = 1, . . . , nj is the
object in the jth cluster, cj , j = 1, . . . , k is the centroid of the jth cluster,
and nj , j = 1, . . . , k is the number of objects in the jth cluster.

Step 2. Finding centroids for the clusters: For each cluster, a centroid is deter-
mined on the basis of objects belonging to this cluster. The algorithm
calculates centroids of the clusters so as to minimize a formal objective
function, the error distortion:

e (Xj) =
nj∑
i=1

d2 (xi, cj) , (2)

where Xj, j = 1, . . . , k is the jth cluster, xi, i = 1, . . . , nj is the object
in the jth cluster, cj , j = 1, . . . , k is the centroid of the jth cluster, nj ,
j = 1, . . . , k is the number of objects in the jth cluster, k is the number
of clusters, and d (•, •) is a chosen dissimilarity measure.
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In case, when the Ward’s criterion is applied in the k-means algorithm,
the centroids of the clusters are computed as the arithmetic averages of
objects in the clusters.

Both these steps must be carried out with the same dissimilarity measure, in
order to guarantee the monotone property of the k-centroids algorithm.

Steps 1 and 2 have to be repeated until the termination condition is met.
The termination condition might be either reaching convergence of the iterative
application of the objective function (3), or reaching the pre-defined number of
cycles.

After each cycle (Step 1 and 2), the value of the error function (2) needs to
be computed for the entire analyzed data set, in order to track the convergence
of the whole clustering process:

e (X) =
k∑

j=1

nj∑
i=1

d2 (xi, cj) , (3)

where X is the analyzed set of objects, and the rest of the notation is described
in (2).

The most popular choice of the dissimilarity measure is the Euclidean dis-
tance. In this paper, we will use the Euclidean distance as a basis for formulation
of the asymmetric dissimilarity measure using the asymmetric coefficients.

3 Asymmetry in Data

The problem of asymmetry in data analysis was widely studied in the literature.
The research of A. Okada and T. Imaizumi [14,15,16,17] is focused on using
the dominance point governing asymmetry in the proximity relationships among
objects, represented as points in the multidimensional Euclidean space. They
claim that ignoring or neglecting the asymmetry in proximity analysis discards
potentially valuable information. On the other hand, B. Zielman and W. Heiser
in [21] consider the models for asymmetric proximities as a combination of a
symmetric similarity component and an asymmetric dominance component. The
authors of [11] propose the asymmetric version of the Self-Organizing Map, which
is extended in [19]. Finally, the paper [18] introduces the asymmetric version of
the k-means clustering algorithm using the dissimilarities, which are defined as
asymmetric (for example, the Kullback-Leibler divergence).

When an analyzed data set appears to have asymmetric properties, the
symmetric measures of similarity or dissimilarity (for example, the most popular
Euclidean distance) does not apply properly to this phenomenon, and for most
pairs of data points, they produce small values (similarities) or big values (dissim-
ilarities). Consequently, they do not reflect accurately the relationships between
objects. The asymmetry in data set arises, for example, in case, when the data
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associations have a hierarchical nature. The hierarchical connections in data are
closely related to the asymmetry. This relation has been noticed in [12]. In case
of the dissimilarity, when it is computed in the direction – from a more general
entity to a more specific one – it should be greater than in the opposite direction.
As stated in [11], asymmetry can be interpreted as a particular type of hierarchy.

An idea to overcome this problem is to employ the asymmetric similarities
and dissimilarities. They should be applied in algorithms in such way, so that
they would properly reflect the hierarchical asymmetric relationships between
objects in an analyzed data set. Therefore, it should be guaranteed that their
application is consistent with the hierarchical associations in data. This can
be achieved by use of the asymmetric coefficients, inserted in the formulae of
symmetric measures. This way, we can obtain the asymmetric measures on the
basis of the symmetric ones, for example, on the basis of the Euclidean distance.
The asymmetric coefficients should assure the consistence with the hierarchy.
Hence, in case of the dissimilarities, they should assure greater values in the
direction – from more general concept to more specific one.

Our experimental study concerns the sound signals clustering and human
heart rhythms clustering, and confirms the existence of the asymmetry in these
data sets. However, the phenomenon of asymmetry can occur in various other
data sets of different nature. For example, in the work [11], where the asymmetric
Self-Organizing Map was introduced, the experimental research was carried out
in the field of textual data analysis.

3.1 Asymmetric Coefficients

Asymmetric coefficients convey the information provided by asymmetry. Two
coefficients were introduced in [13]. The first one is derived from the fuzzy logic
similarity, and the second one formulated on the basis of the Kullback-Leibler
divergence. Both of these quantities are widely used in statistics and probability
theory. In our experimental study, we have used the first of these coefficients.

Hence, the fuzzy-logic-based asymmetric coefficient is formulated as follows:

ai =
|fi|

maxj (|fj |) , (4)

where fi are the features of objects in the analyzed data set (fi are the entries of
the vectors representing the objects), and |•| is the L1-norm meaning the number
of objects possessing the feature given as the argument.

This coefficient takes values in the 〈0, 1〉 interval. Intuitively speaking, it will
become large for general (broad) concepts with large L1-norm.

Note that the asymmetric coefficients must be computed and assigned to each
feature of every object in the analyzed data set.
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4 Asymmetric k-Means Algorithm

In order to formulate the asymmetric version of the k-means clustering algo-
rithm, we will refer to Steps 1 and 2, to objective function 2, and to function 3,
presented in Section 2.

The asymmetric k-means algorithm is derived in three steps:

Step 1. Transform a symmetric dissimilarity (for example, the Euclidean dis-
tance) into a similarity:

SSYM
ij = C − d2 (xi, xj) , (5)

where d2 (xi, xj) is the squared Euclidean distance between objects xi

and xj , and the constant C is the upper boundary of the squared Eu-
clidean distance.

Step 2. Transform the symmetric similarity into the asymmetric similarity:

SASYM
ij = ai

(
C − d2 (xi, xj)

)
, (6)

where ai is the asymmetric coefficient defined in Subsection 3.1, in (4),
and the rest of notation is described in (5). The asymmetric similarity
defined this way, with use of the asymmetric coefficient guarantees the
consistency with the asymmetric hierarchical associations among objects
in a data set.

Step 3. Insert the asymmetric similarity in (1), (2), and (3), in order to obtain:

max
j

ai

(
C − d2 (xi, cj)

)
, (7)

E (Xj) =
nj∑
i=1

ai

(
C − d2 (xi, cj)

)
, (8)

E (X) =
k∑

j=1

nj∑
i=1

ai

(
C − d2 (xi, cj)

)
, (9)

where E (•) is the energy function, which needs to be maximized in order
to compute the clusters centroids in Step 2, in Section 2, and the rest of
the notation is explained in (1), (2), and (9).
Formulae (1) and (2) should be used in Steps 1 and 2, respectively, while
the iterative computation of values of (9) should allow for tracking of
the convergence of the entire clustering process.
The error function e (•) is now changed to the energy function E (•),
since the dissimilarity measure d (•, •) has been changed to the similarity
measure SASYM (•, •).

An important property of the asymmetric k-means algorithm, proposed in this
paper, is that it maintains the simplicity of the traditional symmetric approach,
and does not increase the computational complexity.
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5 Experiments

Our experimental study aims to confirm that the asymmetric version of the
k-means clustering algorithm, proposed in this paper, is superior over the tra-
ditional symmetric form of this algorithm. The experiments have been carried
out in the two fields: in the field of sound signals clustering, and in the field of
human heart rhythm signals clustering.

The sound signals, we have analyzed, were the piano music recordings, and the
human heart rhythm signals were analyzed on the basis of the ECG recordings
derived from the MIT-BIH ECG Databases [6].

5.1 Evaluation Criteria

In case of both parts of our experiments, we have compared the results obtained
with use of the symmetric and asymmetric k-means algorithms. As the basis
of the comparisons, i.e., as the evaluation criteria, we have used the accuracy
degree [18,19], and the entropy measure [11,19].

In general, the results of clustering can be assessed with use of two groups
of evaluation criteria [7] (also called as the validity indeces). First group are
the external criteria, which are computed using the ground knowledge about the
clustered data, i.e., what should be the correct result of clustering. These criteria
are much easier to formulate, and they allow for the precise assessment of the
clustering results, however, they are useless in real-world clustering problems,
where no additional information about analyzed data is available. Second group
are the internal criteria, which are computed without using the ground knowl-
edge about the clustered data. Formulation of these criteria is, naturally, more
difficult, however, they can be employed to assess the results of clustering in
real-life problems. Therefore, their usefulness in data analysis is of much value.
More information on the issue of clustering output assessment can be found, for
example, in [7] and in [8].

In case of both parts of our empirical study, the ground knowledge about the
data was known. Therefore, an application of external evaluation criterion (the
accuracy degree) was possible. In order to provide more reliable assessment of
the clustering results, we have used also the second internal evaluation criterion
(the entropy measure).

Hence, the following two evaluation criteria have been used:

1. Accuracy Degree. This evaluation criterion determines the number of cor-
rectly assigned objects divided by the total number of objects.
Hence, for the ith cluster, the accuracy degree is determined as follows:

qi =
mi

ni
, (10)

where mi, i = 1, . . . , k is the number of objects correctly assigned to the ith
cluster, ni, i = 1, . . . , k is the number of objects in the ith cluster, and k is
the number of clusters.
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And, for the entire data set, the total accuracy degree is determined as
follows:

qtotal =
m

n
, (11)

where m is the total number of correctly assigned objects, and n is the total
number of objects in the entire data set.
The accuracy degrees qi and the total accuracy degree qtotal assume values
in the interval 〈0, 1〉, and naturally, greater values are preferred.
The total accuracy degree qtotal was used in our experimental study as the
main basis of the clustering accuracy comparison of the two investigated
k-means approaches – the symmetric and the asymmetric.

2. Entropy Measure. This evaluation criterion determines the number of
overlapping objects divided by the total number of objects in a data set.
This means, the number of objects, which are in the overlapping area be-
tween clusters, divided by the total number of objects. The objects belonging
to the overlapping area are determined on the basis of the ratio of similari-
ties between them and the clusters centroids. If this ratio is in the interval
〈0.9, 1.1〉, then the corresponding object is said to be in the overlapping
area. In other words, the entropy measure determines the uncertainty for
the classification of objects that belong to the same cluster.
The entropy measure is determined as follows:

I =
μ

n
, (12)

where μ is the number of overlapping objects in the data set, and n is the
total number of objects in the data set.
The entropy measure assumes values in the interval 〈0, 1〉, and, smaller values
are desired.

5.2 Feature Extraction

Feature discovery process preceding the actual clustering is an important stage
of data pre-processing. It has a strong impact on the final accuracy of clustering,
and consequently, on the performance of the whole analysis. Feature discovery
aims to form possibly smallest set of most relevant, informative, and discrim-
inative features. A proper choice of the feature set results in higher clustering
quality.

Feature discovery approach, used for our asymmetric version of the k-means
algorithm, is the feature extraction method based on the discrete Fourier trans-
form (DFT). In general, the DFT-based feature extraction is described, for exam-
ple, in [3]. In our experimental study, feature extraction was carried out according
to Procedure 1.

Procedure 1. Features of analyzed signals are retrieved according to the fol-
lowing procedure:
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Step 1. Separate N time intervals from the discrete-time signal representation.
All intervals are of the same length, hence all have the same number
of samples. As a result, one obtains N functions in the discrete-time
domain: fi (tj) , i = 1, . . . , N, j = 1, . . . , K, where K is the number of
samples in each separated time interval.

Step 2. Perform the DFT on each of the N discrete-time functions obtained in
the Step 1, considering the absolute values of the complex DFT-vectors
entries. As a result, one obtains N functions in the discrete-frequency
domain:

∣∣∣f̃i (ωl)
∣∣∣ = |F (fi) (ωl)| , i = 1, . . . , N, l = 1, . . . , floor

(
K
2

)
(the rest of the DFT result is mirrored – it does not contain any new
information), where floor (•) returns the largest integer that is less than
or equal to the argument.

Step 3. Calculate the average DFT result on the basis of the results of DFT for
each of the intervals. The average DFT result denotes the DFT-vector,
which entries are the arithmetic averages – calculated on the basis of the
corresponding entries of the partial DFT-vectors.

∣∣∣f̃AVG (ωl)
∣∣∣ = 1

N

N∑
i=1

∣∣∣f̃i (ωl)
∣∣∣ (13)

where i = 1, . . . , N, l = 1, . . . , floor
(

K
2

)
.

Step 4. Normalize the function obtained in Step 3.

fFE (ωl) =
1∑r

p=1

∣∣∣f̃AVG (ωp)
∣∣∣
∣∣∣f̃AVG (ωl)

∣∣∣ , (14)

where fFE (ωl) is the function representing the set of obtained features,
l = 1, . . . , r, and r = floor

(
K
2

)
.

As the final result of Procedure 1, one obtains the discrete function fFE repre-
senting the retrieved vector of features of a single signal.

The number of the time intervals N is settled arbitrary. We provide no prin-
cipled way to determine it, what can be regarded as a drawback of this feature
extraction method.

Normalization in Step 4 of Procedure 1 is a common practice in pattern recog-
nition. The normalized features are of benefit in many contexts of multivariate
analysis, not only in clustering, but also, for example, in discriminant analysis.
Normalization of features especially accounts in the field of sound recognition,
which was one of the areas of our experiments. It filters out the irrelevant fea-
ture of loudness (feature of loudness should not affect the results of recognition
– a music piece played softly remains the same piece if it is played loudly, but,
without normalization, the features would change). In other words, Step 4 de-
termines the relative intensities as the characteristic feature set, and not the
absolute values, which would be largely influenced by the irrelevant features,
like levels of loudness in case of sound recognition.
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5.3 Piano Music Composer Clustering

In this part of our experiments, we have tested our asymmetric k-means algo-
rithm and the classical k-means algorithm forming three clusters representing
three piano music composers: Johann Sebastian Bach, Ludwig van Beethoven,
and Fryderyk Chopin. Each music piece was represented by a 30-seconds sound
signal sampled with the 44100 Hz frequency. The entire data set was composed
of 32 sound signals. Feature extraction process was carried out according to
Procedure 1, described in Subsection 5.2. The DFT was implemented with the
fast Fourier transform (FFT) algorithm. Sampling signals with the 44100 Hz
frequency resulted in the 44100/2 Hz value of the upper boundary of the FFT
result range.

The results of this part of our experiments are reported in Table 1 and in
Table 2. These tables present the accuracy degrees and the entropy measures
corresponding to the symmetric and asymmetric k-means algorithms.

Table 1. Accuracy degrees of the piano music composer clustering

Symmetric k-means Asymmetric k-means
J.S. Bach 10/11 = 0.9091 10/11 = 0.9091

L. van Beethoven 9/12 = 0.7500 11/12 = 0.9167
F. Chopin 5/9 = 0.5556 8/9 = 0.8889

qtotal 24/32 = 0.7500 29/32 = 0.9063

Table 2. Entropy measures of the piano music composer clustering

Symmetric k-means Asymmetric k-means
I 7/32 = 0.2188 5/32 = 0.1563

The results of this part of our experimental study show the superiority of the
asymmetric k-means algorithm over its symmetric counterpart. The asymmetric
approach leads to the higher clustering accuracy measured on the basis of the
total accuracy degree (0.9063 vs. 0.7500), and also, it leads to the lower cluster
overlapping determined on the basis of the entropy measure (0.1563 vs. 0.2188).

5.4 Human Heart Rhythms Clustering

In this part of our experiments, we have investigated the asymmetric k-
means algorithm and the traditional form of this method forming three clusters
representing three types of human heart rhythms: normal sinus rhythm, atrial ar-
rhythmia, and ventricular arrhythmia. This kind of clustering can be interpreted
as the cardiac arrhythmia detection and recognition based on the ECG record-
ings. In general, the cardiac arrhythmia disease may be classified either by rate
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(tachycardias – the heart beat is too fast, and bradycardias – the heart beat is
too slow) or by site of origin (atrial arrhythmias – they begin in the atria, and
ventricular arrhythmias – they begin in the ventricles). Our clustering recognizes
the normal rhythm, and, also, recognizes arrhythmias originating in the atria,
and in the ventricles. We analyzed 20-minutes ECG holter recordings sampled
with the 250 Hz frequency. The entire data set was composed of 63 ECG signals.
Feature extraction was carried out in the same way, like it was done with the
piano music composer clustering, i.e., according to Procedure 1, described in
Subsection 5.2.

The results of this part of our experiments are demonstrated in Table 3 and
in Table 4, which is constructed in the same way as in Subsection 5.3.

Table 3. Accuracy degrees of the human heart rhythms clustering

Symmetric k-means Asymmetric k-means
Normal Rhythm 16/18 = 0.8889 18/18 = 1.0000

Atrial Arrhythmia 18/23 = 0.7826 21/23 = 0.9130
Ventricular Arrhythmia 15/22 = 0.6818 19/22 = 0.8636

qtotal 49/63 = 0.7778 58/63 = 0.9206

Table 4. Entropy measures of the human heart rhythms clustering

Symmetric k-means Asymmetric k-means
I 8/63 = 0.1270 4/63 = 0.0635

It is clear that, in the case of the ECG recording clustering, the asymmetric
k-means algorithm, again, outperformed the symmetric one, by providing the
higher clustering accuracy (total accuracy degree: 0.9206 vs. 0.7778), and the
lower clustering uncertainty (entropy measure: 0.0635 vs. 0.1270).

6 Summary and Future Research

In this paper, the asymmetric version of the well-known k-means clustering al-
gorithm was proposed. The traditional k-means algorithm using the symmetric
dissimilarities (like, the most popular, Euclidean distance) does not reflect prop-
erly the asymmetric relationships in analyzed data. The asymmetry arises in
data sets, for example, in case when objects in data sets are associated in a hier-
archical way. We proposed using the asymmetric coefficients, which convey the
information provided by the asymmetry, in order to asymmetrize the k-means
algorithm. These coefficients were used to obtain the asymmetric similarities in
the algorithm, and this way, the asymmetric k-means algorithm, proposed in
this paper, correctly adjusted to the asymmetric relationships between objects
in analyzed data sets.
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Our experimental study was carried out on the two data sets: piano music
data set and human heart rhythms data set. The results of the conducted em-
pirical research confirmed the superiority of the asymmetric approach in k-means
clustering over the classical symmetric approach.

Future study may concern utilizing different form of asymmetric coefficients
– not only the fuzzy-logic-based coefficient, like it was done in this paper. Fur-
thermore, the experimental research may be carried out on data sets of different
nature – other than signals. Finally, future study may be focused on formulat-
ing the asymmetric version of other data analysis methods and algorithms. This
goal can be achieved either by using the asymmetric coefficients, like it was pro-
posed in this paper, or by using different quantities, which will incorporate the
information associated with the asymmetry in analyzed data sets.
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Abstract. In this paper a new criterion for clusters validation is proposed. This 
new cluster validation criterion is used to approximate the goodness of a cluster. 
The clusters which satisfy a threshold of the proposed measure are selected to 
participate in clustering ensemble. To combine the chosen clusters, some 
methods are employed as aggregators. Employing this new cluster validation 
criterion, the obtained ensemble is evaluated on some well-known and standard 
datasets. The empirical studies show promising results for the ensemble 
obtained using the proposed criterion comparing with the ensemble obtained 
using the standard clusters validation criterion. Besides to reach the best results, 
the method gives an algorithm based on which one can find how to select the 
best subset of clusters from a pool of clusters. 

Keywords: Clustering Ensemble, Stability Measure, Extended EAC,  
Co-association Matrix, Cluster Evaluation.  

1 Introduction 

Data clustering or unsupervised learning is an important and very difficult problem. 
The objective of clustering is to partition a set of unlabeled objects into homogeneous 
groups or clusters [3], [4] and [10]. There are many applications that use clustering 
techniques to discover latent structures of data, such as data mining [11], information 
retrieval [2], image segmentation [9], linkage learning [15], and machine learning. In 
real-world problems, clusters can appear with different shapes, sizes, data 
sparseness’s, and degrees of separation. Clustering techniques require the definition 
of a similarity measure between patterns. Since there is no prior knowledge about 
cluster shapes, choosing a specific clustering method is not easy [16]. Studies in the 
last few years have tended to combinational methods. Cluster ensemble methods 
attempt to find better and more robust clustering solutions by fusing information from 
several primary data partitions [8].  

Fern and Lin [8] have suggested a clustering ensemble approach which selects a 
subset of solutions to form a smaller but better-performing cluster ensemble than 
using all primary solutions. The ensemble selection method is designed based on 
quality and diversity, the two factors that have been shown to influence cluster 
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ensemble performance. This method attempts to select a subset of primary partitions 
which simultaneously has both the highest quality and the most diversity. The Sum of 
Normalized Mutual Information, SNMI [5], [6] and [17], is used to measure the 
quality of each individual partition with respect to other partitions. Also, the 
Normalized Mutual Information, NMI, is employed to measure the diversity among 
partitions. Although the ensemble size in this method is relatively small, this method 
achieves significant performance improvement over full ensembles. Law et al. 
proposed a multi-objective data clustering method based on the selection of individual 
clusters produced by several clustering algorithms through an optimization procedure 
[13]. This technique chooses the best set of objective functions for different parts of 
the feature space from the results of base clustering algorithms. Fred and Jain [7] have 
offered a new clustering ensemble method which learns the pairwise similarities 
between points in order to facilitate a proper partition of the data without the a priori 
knowledge of the number and the shape of the clusters. This method which is based 
on cluster stability evaluates the primary clustering results instead of final clustering. 

We propose a new criterion for clusters validation. Then we employ this criterion 
to select the more robust clusters in the final ensemble. We also propose a new 
method named Extended Evidence Accumulation Clustering, EEAC, to construct the 
matrix of similarity from these selected clusters. Finally, we apply a hierarchical 
method over the obtained matrix to extract the final partition. 

Rest of this paper is organized as follows. In section 2, we explain the proposed 
method. Section 3 demonstrates results of our proposed method against traditional 
comparatively. Finally, we conclude in section 4. 

2 Proposed Method 

In this section, first our proposed clustering ensemble method is briefly outlined, and 
then its phases are described in detail.  

The main idea of our proposed clustering ensemble framework is utilizing a subset 
of best performing primary clusters in the ensemble, rather than using all of clusters. 
Only the clusters that satisfy a stability criterion can participate in the combination. 
The cluster stability is defined according to Normalized Mutual Information, NMI. 
Fig. 1 depicts the proposed clustering ensemble procedure. 

The manner of computing stability is described in the following sections in detail. 
To select a subset with the most stable clusters for combination, we apply a stability-
threshold to each cluster. Different sizes of the most stable clusters are explored to 
find the best option. After selection phase, the selected clusters are used to construct 
the co-association matrix. Several methods have been proposed for combination of 
the primary results [1] and [17]. In this work, some clusters in the primary partitions 
may be absent (having been eliminated by the stability criterion). Since the original 
EAC method [5] cannot truly identify the pairwise similarity while there is only a 
subset of clusters, we present a new method for constructing the co-association 
matrix. We call this method: Extended Evidence Accumulation Clustering method, 
EEAC. Finally, we use a hierarchical clustering algorithm, like single-link method, to 
extract the final clusters out of this matrix. For more generality, some heuristic 
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consensus functions are also used as aggregators of selected clusters [17]. These 
heuristic consensus functions that are based on hypergraph partitioning and have first 
introduced by Strehl and Ghosh, are HperGraph Partitioning Algorithm (HGPA), 
Meta-Clustering Algorithm (MCLA) and Cluster-based Similarity Partitioning 
Algorithm (CSPA) [17]. 

2.1 Cluster Evaluation 

Since goodness of a cluster is determined by all the data points, the goodness function 
gj(Ci,D) depends on both the cluster Ci and the entire dataset D, instead of Ci alone. 
The stability as measure of cluster goodness is used in [12]. Cluster stability reflects 
the variation in the clustering results under perturbation of the data by resampling. 

A stable cluster is one that has a high likelihood of recurrence across multiple 
applications of the clustering method. Stable clusters are usually preferable, since they 
are robust with respect to minor changes in the dataset [13]. 

 

 

Fig. 1. Training phase of the Bagging method 

Now assume that we want to compute the stability of cluster Ci. In this method first 
a set of partitionings over resampled datasets is provided which is called the reference 
set. In this notation D is resampled data and P(D) is a partitioning over D. Now, the 
problem is: “How many times is the cluster Ci repeated in the reference partitions?” 
Denote by NMI(Ci,P(D)), the Normalized Mutual Information between the cluster Ci 
and a reference partition P(D). Most previous works only compare a partition with 
another partition [17]. However, the stability used in [13] evaluates the similarity 
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between a cluster and a partition by transforming the cluster Ci to a partition and 
employing common partition to partition methods. To illustrate this method let P1 = 
Pa ={Ci,D/Ci} be a partition with two clusters, where D/Ci denotes the set of data 
points in D that are not in Ci. 

Then we may compute a second partition P2 =Pb ={C*,D/C*}, where C* denotes the 
union of all “positive” clusters in P(D) and others are in D/C*. A cluster Cj in P(D) is 
positive if more than half of its data points are in Ci. Now, define NMI(Ci,P(D)) by 
NMI(Pa,Pb) which is calculated as [6]: 
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where n is the total number of samples and nij
ab denotes the number of shared patterns 

between clusters Ci
a∈Pa and Cj

b∈Pb; ni
a is the number of patterns in the cluster i of 

partition a; also nj
b are the number of patterns in the cluster j of partition b. 

This computation is done between the cluster Ci and all partitions available in the 
reference set. Fig. 2 shows this method. 

 

 

Fig. 2. Computing the Stability of Cluster Ci 

NMIi in Fig. 2 shows the stability of cluster Ci with respect to the i-th partition in 
reference set. The total stability of cluster Ci is defined as: 

∑
=

=
M

i
ii NMI

M
CStability

1

1
)(                                                                  (2) 

where M is the number of partitions available in reference set. This procedure is 
applied for each cluster of every primary partition. 
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2.2 Max Method 

In this section a drawback of computing stability is introduced and an alternative 
approach is suggested which is named Max method. Fig. 3 shows two primary 
partitions for which the stability of each cluster is evaluated. In this example K-means 
is applied as the base clustering algorithm with K=3. For this example the number of 
all partitions in the reference set is 40. In 36 partitions the result is relatively similar to 
Fig 3a, but there are four partitions in which the top left cluster is divided into two 
clusters, as shown in Fig 3b. Fig 3a shows a true clustering. Since the well separated 
cluster in the top left corner is repeated several times (90% repetition) in partitions of 
the reference set, it has to acquire a great stability value (but not equal to 1), however 
it acquires the stability value of 1. Because the two clusters in right hand of Fig 3a are 
relatively joined and sometimes they are not recognized in the reference set as well, 
they have less stability value. Fig. 3.b shows a spurious clustering which the two right 
clusters are incorrectly merged. Since a fixed number of clusters are forced in the base 
algorithm, the top left cluster is divided into two clusters. Here the drawback of the 
stability measure is apparent rarely. Although it is obvious that this partition and the 
corresponding large cluster on the right reference set (10% repetition), the stability of 
this cluster is evaluated equal to 1. Since the NMI is a symmetric equation, the 
stability of the top left cluster in Fig 3.a is exactly equal to the large right cluster in 
Fig 3.b; however they are repeated 90% and 10%, respectively. In other words, when 
two clusters are complements of each other, their stabilities are always equal. This 
drawback is seen when the number of positive clusters in the considered partition of 
reference set is greater than 1. It means when the cluster C* is obtained by merging 
two or more clusters, undesirable stability effects occur.  

     

Fig. 3. Two primary partitions with k=3. (a, Left) True clustering. (b, Right) Spurious 
clustering 

To solve this problem we allow only one cluster in reference set to be considered 
as the C* (i.e. only the most similar cluster) and all others are considered as D/C*.  In 
this method the problem is solved by eliminating the merged clusters. 
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2.3 Consensus Function 

One way is to consider the selected clusters as inputs of the HGPA, MCLA and CSPA 
algorithms [17]. The output of the mentioned algorithms is the final partition which is 
also called consensus partition.  

 

 

Fig. 4. Computing the co-association matrix by the EEAC method. (A) Data samples. (B) 4 
primary clusterings. (C) Remaining clusters after applying threshold, th=0.8. 

For the second way to extract the final partition from the selected clusters, the 
clusters are considered as new space for data, and a clustering algorithm, like fuzzy k-
means, is employed to partition the mapped data.  

Another alternative way to reach the consensus partition is to use the co-
association based methods. In this method, the selected clusters are first used to 
construct the co-association matrix. In the EAC method the m primary results from 
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resampled data are accumulated in an n×n co-association matrix. Each entry in this 
matrix is computed from equation (3). 
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where nij counts the number of clusters shared by objects with indices i and j in the 
partitions over the B clusterings. Also mij is the number of partitions where this pair of 
objects is simultaneously present. There are only a fraction of all primary clusters 
available, after thresholding. So, the common EAC method cannot truly recognize the 
pairwise similarity for computing the co-association matrix. In our novel method 
(Extended Evidence Accumulation Clustering, or EEAC) each entry of the co-
association matrix is computed by: 
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where ni and nj are the number present in remaining (after stability thresholding) 
clusters for the i-th and j-th data points, respectively. Also, nij counts the number of 
remaining clusters which are shared by both data points indexed by i and j, 
respectively. To further explain, consider this example. Assume that we have five 
samples (Fig 4a), and that four primary clustering are applied (Fig 4b). 

Also, suppose that that stability of the clusters of Fig 4b is as given bellow: 
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By choosing th=0.8 the first clusters from P1 and P3 are deleted (Fig 4c). According 
to equation (4), each entry of the co-association matrix is: 
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In Fig 4a-c, the data points may be “tracked” by their geometrical arrangement. 
Example: in computing C(3,4), note that points 3 and 4 both are in cluster 2 of 
partitions P2 and P4, so that numerator n34=2; also note that n3=2, since point 3 is 
only in cluster 2 of P2 and P4, but n4=4 since point 4 is not only in these clusters, but 
also in cluster 2 of P1 and P3. Before and after applying threshold, the co-association 
matrix is given by equation (5) and (6), respectively: 
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In this matrix the 3rd object can be considered as both clusters with an equal 
probability of 50%. The stability measure adds some information to this matrix by 
applying the threshold. 
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By comparing these two matrices and also considering the stability values, it can be 
seen that deletion of unstable clusters improves the co-association matrix. By 
eliminating the unstable cluster with samples {1, 2, 3} which is spuriously created by 
primary clusterings. 

After computing the co-association matrix by the EEAC method, a consensus 
function is employed to extract the final clusters from the matrix. Here, the single-link 
method is used for this task. 

3 Experimental Study 

Evaluation metric based on which a consensus partition is evaluated is discussed in 
the first subsection of this section. The details of the used datasets are given in the 
subsequent section. Then the settings of experimentations are given. Finally the 
experimental results are presented. 

Table 1. Brief information about the used datasets 

 Dataset Name # of Class # of Features # of Samples 
1 Breast-Cancer* 2 9 683 
2 Iris* 3 4 150 
3 Bupa* 2 6 345 
4 SAHeart* 2 9 462 
5 Ionosphere 2 34 351 
6 Glass* 6 9 214 
7 Halfrings 2 2 400 
8 Galaxy* 7 4 323 
9 Yeast* 10 8 1484 

10 Wine 3 13 178 
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3.1 Evaluation Metric 

After producing the consensus partition, the most important question is "how good a 
partition is?". The evaluation of a partition is very important as it is mentioned. Here 
the NMI between the consensus partition and real labels of the dataset is considered 
as an evaluation metric of the consensus partition. Also accuracy between the 
consensus partition and real labels of the dataset is considered as another metric.  

3.2 Datasets 

The proposed method is examined over 9 different standard datasets and one artificial 
dataset. It is tried for datasets to be diverse in their number of true classes, features 
and samples. A large variety in used datasets can more validate the obtained results. 
Brief information about the used datasets is available in Table 1. More information is 
available in [14]. 

Note that some of datasets which are marked with star (*) in Table 1 are 
normalized. All experiments are done over the normalized features in the stared 
dataset. It means each feature is normalized with mean of 0 and variance of 1, N(0, 1). 
The artificial Half Ring dataset is depicted in the Fig. 5. 

 

 

Fig. 5. Half Ring dataset 

3.3 Experimental Settings 

To be more general and fair, all experiments are averaged over 10 independent runs. 
In all experimentations there are 120 independent partitions obtained by 120 
independent runs of k-means clustering algorithm with different initialized seed 
points and different k parameter, ranging from k to 2*k.  

After selecting a subset of clusters, to extract the final partition from them, the real 
number of clusters, i.e. the column three of the Table 1, is served by the consensus 
functions.  

As it is known in fuzzy k-means clustering algorithm, each data point belongs to 
all clusters with different membership values. To extract the final partition from 
output of fuzzy k-means algorithm as consensus function, each data point is assigned 
to the most membership value. 
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Abstract. In this paper, a new classification method that uses a clustering 
method to reduce the train set of K-Nearest Neighbor (KNN) classifier and also 
in order to enhance its performance is proposed. The proposed method is called 
Nearest Cluster Classifier (NCC). Inspiring the traditional K-NN algorithm, the 
main idea is to classify a test sample according to the tag of its nearest 
neighbor. First, the train set is clustered into a number of partitions. By 
obtaining a number of partitions employing several runnings of a simple 
clustering algorithm, NCC algorithm extracts a large number of clusters out of 
the partitions. Then, the label of each cluster center produced in the previous 
step is determined employing the majority vote mechanism between the class 
labels of the patterns in the cluster. The NCC algorithm iteratively adds a 
cluster to a pool of the selected clusters that are considered as the train set of the 
final 1-NN classifier as long as the 1-NN classifier performance over a set of 
patterns included the train set and the validation set improves. The selected set 
of the most accurate clusters are considered as the train set of final 1-NN 
classifier. After that, the class label of a new test sample is determined 
according to the class label of the nearest cluster center. Computationally, the 
NCC is about K times faster than KNN. The proposed method is evaluated on 
some real datasets from UCI repository. Empirical studies show an excellent 
improvement in terms of both accuracy and time complexity in comparison 
with KNN classifier. 

Keywords: Nearest Cluster Classifier, K-Nearest Neighbor, Combinational 
Classification.  

1 Introduction 

KNN classifier is one of the most fundamental classifiers. It is also the simplest 
classifier. It could be the first choice for a classification study when there is little or 
no prior knowledge about the data distribution. The KNN classifies a test sample x by 
assigning it the label most frequently represented among the K nearest samples; in 
other words, a decision is made by examining the labels on the K-nearest neighbors 
and taking a majority vote mechanism. KNN classifier was developed from the need 
to perform discriminant analysis when reliable parametric estimates of the probability 
densities are unknown or difficult to determine. In 1951, Fix and Hodges introduced a 
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non-parametric method for pattern classification that has since become known the K-
nearest neighbor rule [1] and [15]. Later in 1967, some of the formal properties of the 
K-nearest neighbor rule have been worked out; for instance it was shown that for K=1 
and  the KNN classification error is bounded above by twice the Bayes error 
rate [2]. Once such formal properties of KNN classification were established, a long 
line of investigation ensued including new rejection approaches [3], refinements with 
respect to Bayes error rate [4], distance weighted approaches [5-6], soft computing [7] 
methods and fuzzy methods [8-9]. 

Some advantages of KNN include: its simplicity to use, its robustness to learn in a 
noisy training data (especially if it uses the inverse square of weighted distances as 
the “distance metric”), and finally its effectiveness in learning at a large scale training 
dataset. Although KNN has the mentioned advantages, it has some disadvantages 
such as: its high computation cost (because it needs to compute distance of each query 
instance to all training samples); its need to a large memory (in proportion with the 
size of training set); its low performance in multidimensional data sets; its sensitivity 
to well-setting of parameter K (number of nearest neighbors); its sensitivity to the 
used distance metric; and finally there is no solution for the weighting consideration 
of the features [10]. 

The computational complexity of the nearest neighbor algorithm, in both space 
(storage of prototypes) and time (distance computation) has received a great deal of 
analysis. Suppose we have N labeled training samples in d dimensions, and seek to 
find the closest to a test point x (K = 1). In the most naive approaches we inspect each 
stored point in turn, calculate its Euclidean distance to x, retaining the identity only of 
the current closest one. Each distance calculation is O(d), and thus this search is 
O(dN2) [10]. 

ITQON et al. in [11] proposed a classifier, TFkNN, aiming at upgrading of 
distinction performance of KNN classifier and combining plural KNNs using testing 
characteristics. Their method not only upgrades distinction performance of the KNN 
but also brings an effect stabilizing variation of recognition ratio; and on recognition 
time, even when plural KNN classifiers are performed in parallel, by devising its 
distance calculation it can be done not so as to extremely increase on comparison with 
that in single KNN classifier. 

In this paper a new approach that is based on the idea of KNN classifier is 
proposed. It can augment the performance of KNN classifier in terms of the accuracy, 
the time complexity and the memory complexity. This method which is called that 
named Nearest Cluster Classifier (NCC), applies the clustering techniques to reduce 
the number of training prototypes. Despite of reducing train samples, the clustering 
will cause to find the natural groups of data. 

The rest of the paper is organized as follows. Section 2 expresses the proposed 
NCC algorithm. Experimental results are addressed in section 3. Finally, section 4 
concludes the paper. 

2 NCC: Nearest Cluster Classifier 

In all experimentations the 10-fold cross validation is employed to obtain the 
performance of the NCC algorithm. In 10-fold cross validation the dataset is 

∞→n
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randomly partitioned into 10 clusters. Considering each partition as test set, PTeS, and 
the other data as train set, PTrS, the NCC algorithm reaches 10 experimentations. 
Averaging the performances of the NCC algorithm over all 10 test sets, the final 
performances of the NCC algorithm is obtained. In each experimentation, the train 
set, PTrS, is divided into two sub-partitions, train sub-set, TS, and evaluation 
(validation) sub-set, VS. The main idea of the proposed method is assigning the data 
to the nearest cluster who is naturally consisted the neighbor points. To implement the 
idea, first, the samples of the train sub-set, TS, are clustered into k clusters where k is 
a number equal to or greater than the number of real classes, c, and equal to or less 
than 2*c. The clustering is done using a simple rough clustering algorithm, clus_alg. 
Then, considering the obtained cluster centers as new points, their labels are 
determined using the simple majority vote mechanism. Indeed the label of a cluster is 
obtained based on a KNN classifier over train set where K is equal to an input 
parameter, pq. The condition is computed as equation 1.  

, 22  (1) 

For example, if , ; it means that each cluster center 

that is labeled with less than  votes in KNN classifier (using PTrS as train set) is 

immediately omitted; otherwise it is added in a pool of clusters, PC. This procedure is 
iterated as many as Maxiteration. So finally the NCC algorithm has a pool of clusters 

with  ( ) clusters at most. 

The quality of obtained clusters is evaluated employing a 1-NN with considering 
PTrS as test set. Each pattern of the PTrS is used as a test sample; determining the 
nearest cluster, its label is assigned to the sample. After that, in comparison with the 
ground true labels of data, the accuracy of the obtained classifier is derived. So, after 
obtaining the pool of clusters, PC, the NCC algorithm iteratively selects them into a 
subset of pool of clusters (SPC) if the accuracy of a 1-NN using SPS as train set over 
PTrS is improved. 

In test phase of the NCC algorithm, a new test sample is assigned to the label of the 
nearest cluster center. The pseudo code of training phase of the Nearest Cluster 
Classifier algorithm is shown in Fig. 1. Until here, the training of the NCC is finished. 
After here, any test samples are classified using the trained classifier.  

In the rest of this section the proposed method is described in detail, answering the 
questions, how to cluster the train set, how to determine the class labels of cluster 
centers and how to find the final classifier to classify a test sample.  

2.1 Determining the Label of Cluster Centers 

In this section, we explain how the class labels are used to specify the labels of the 
cluster centers which are explanatory points of the clusters. There are some 
combining methods to aggregate the class labels of the cluster members. When the 
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individual votes of classifiers are crisp (not soft/fuzzy), the Simple Majority Vote 
approach is the common logical one that votes a pattern x to a class j if a little more 
than n/c of classifiers (here cluster members) assigns to class j [12], where n and c 
stand for the number of cluster members and the number of classes, respectively. In 
the paper, the majority vote mechanism is used to assign a class label to cluster 
centers. It means that pq nearest neighbors of a cluster center in the PTrS make a 
consensus decision about its label. 

 
Input: 

PTrS: patterns of train set 
PTeS: patterns of test set 
c: the number of classes 
clus_alg: clustering algorithm 
pq: the threshold for assigning a label to a 
         cluster center  
Maxiteration: the maximum of the allowed 
         Iterations 
Condition: a condition for decision 

Output: 
accuracy: accuracy of NCC over PTeS 

PC={} 
partition PTrS into two clusters: TS and VS 

For i = 1 to Maxiteration 

1. P=clus_alg(TS,k) where 2*c≥k≥c;  
           resulting cluster centers Pi 

2. For each p∈P 
           if condition(cvr, pq), then pi will be added to 
                 the set PC; where cvr is the maximum  
                 number of the pq nearest patterns of Pi in  
                 PTrS that have consensus vote to an  
                 identical label 

SPC={} 
cur_acc=0 
For each q∈PC 

1. TTS= ∪  
2. acc=1-NN(TTS, PTrS) 
3. if(acc>cur_acc) SPC=TTS 

acc=1-NN(TTS, PTeS) 

Fig. 1. Pseudo-code of training phase of the nearest cluster classifier algorithm 

2.2 Evaluation of the Cluster Centers 

There are many methods to evaluate the clustering result. They may use whether 
external indices, whether internal indices or relative indices [13]. External index 
needs further information to evaluate the clusters. In the paper, the PTrS is used to 
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measure the performance of the different clusterings. It is a kind of external index 
usage. First, the NCC algorithm is trained on the TS. Then, by executing the trained 
classifier on the PTrS, the accuracy of this method is obtained using the ground true 
class labels of the PTrS.  

2.3 Final Classifier 

As it is shown in Fig. 1, the steps 1, 2 and 3 are repeated Maxiteration times. In this 
method there is a procedure to select a set of satisfactory good cluster centers from 
several times of performing clustering techniques; however, the cluster centers 
obtained from any iteration can be considered as the solution. The method enhances 
both the accuracy and robustness of the KNN classifier algorithm, significantly; 
however, it needs less time and memory in testing phase. Based on empirical study, it 
can be induced that, usually the best results may be obtained when the SCP size is 
chosen near to the value of number of classes, c. Since each cluster center has d 
dimensions, examining each test sample needs to O(cd). In the worst case the time 
complexity is O(c3d). It shows that the proposed combinational method can be 
employed with less order than the KNN classifier method which is O(dkN).  

Table 1. Brief information about the used datasets 

 
Dataset Name 

# of 
Class 

# of 
Features

# of 
Samples

1 Breast-Cancer* 2 9 683 
2 Iris* 3 4 150 
3 Bupa* 2 6 345 
4 SAHeart* 2 9 462 
5 Ionosphere 2 34 351 
6 Glass* 6 9 214 
7 Halfrings 2 2 400 
8 Galaxy* 7 4 323 
9 Yeast* 10 8 1484 

10 Wine 3 13 178 

3 Experimental Study 

This section discuses the experimental results and compares the performance of the 
NCC algorithm with original KNN methods. 

3.1 Datasets 

The proposed method is examined over 9 different standard datasets and one artificial 
dataset. It is tried for the used datasets to be diverse in their number of true classes, 
features and samples. A large variety in used datasets can more validate the obtained 
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results. Brief information about the used datasets is available in Table 1. More 
information is available in [14] 

Note that datasets which are marked with star (*) in paper are normalized. The 
experiments are done over the normalized features in the stared dataset. It means each 
feature is normalized with the mean of 0 and the variance of 1, N(0, 1). The artificial 
HalfRing dataset is depicted in Fig. 2. The HalfRing dataset is considered as one of 
the most challenging dataset for the proposed NCC algorithms. 

 

Fig. 2. Half Ring dataset 

3.2 Experimental Settings 

All experiments are reported on 10-fold cross validation. Parameter pq is set to 5 
through all experimentations. In all experiments Parameter Maxiteration is 10. 
Parameter clus_alg is k-means. It means that the k-means clustering algorithm is 
considered as clustering algorithm. The maximum allowed iterations in the k-means 
clustering algorithm is equal to 2 in order to obtain the rough and unlike partitions out 
of data. The number of partitions that is requested from k-means is a random value 
between c and 2*c. Validation set, VS, is 22.22% of train set, PTrS, through all 
experimentations.  

3.3 Experimental Results 

Table 2 shows final accuracies of the NCC algorithm using three different conditions. 
In each column, the accuracies obtained by the NCC algorithm employing one 
condition are shown. Next to the accuracy of each NCC algorithm over each dataset, 
the averaged number of cluster centers in the final 1-NN classifier is presented. It is 
obvious that the condition  is the best condition among the three used 

conditions. But there is a hidden rule among the results obtained by employing the 
condition  in the NCC algorithm and the results obtained by employing the 

condition  in the NCC algorithm. First we define a new column in Table 2.  
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It is the ratio of column 3 to column 5. We present this defined column in last column 
of Table 2. By a detailed considering of the values in the last column of Table 2, it is 
inferred when the last column for a dataset is lower than the averaged last column 
over all datasets (depicted at last column and last row in Table 2, it is equal to 1.58), 
the NCC algorithm with the condition  is superior to the others; otherwise 
the NCC algorithm with the condition  is superior to the others. 

Table 2. Final results of the NCC algorithm using different conditions 

 

2   2   

NCC 

Average # 

of 

Prototypes 

NCC 

Average # 

of 

Prototypes 

NCC 

Average # 

of 

Prototypes 

All 

Prototypes 

Ratio of 

Column 

3 to 5  

1 97.25 6.90 96.25 6.20 96.25 9.00 280 1.11 

2 95.33 8.60 96.00 7.30 96.00 7.00 105 1.18 

3 96.47 6.20 97.06 5.10 95.88 5.00 479 1.22 

4 60.29 10.40 52.53 2.50 58.24 10.00 242 4.16 

5 71.56 52.00 67.50 28.90 69.69 141.00 227 1.80 

6 66.67 28.90 52.86 15.00 65.71 98.00 151 1.93 

7 82.86 9.90 85.71 6.90 84.00 8.00 246 1.43 

8 69.78 10.10 65.65 1.60 68.26 9.00 324 6.31 

9 95.29 9.20 95.29 7.40 95.88 8.00 126 1.24 

10 57.70 92.40 57.53 67.31 54.53 480.00 1040 1.37 

average 79.32 23.46 76.64 14.82 78.44 77.50 322 1.58 

 
The hidden rule says when the number of prototypes in the NCC with the condition 

 is less than the number of prototypes in the NCC with the condition 
 by large margin, the dataset is a hard one. So we must turn to the NCC with 

the best prototypes. It means that the NCC with the condition  is the best 
option. It also says when the number of prototypes in the NCC with the condition 

 is less than the number of prototypes in the NCC with the condition 
 by small margin, the dataset is an easy one. So we can turn to the NCC with 

the more prototypes to cover total feature space. It means that the NCC with the 
condition  is the best option.  

By using the hidden rule, we can present a combinatorial selective classifier that 
contains both NCCs and uses each of them dependent on the defined ratio for the two 
classifiers. 
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Table 3. Final accuracies of the NCC comparing with the results of different KNN classifiers 

 

Different Method  

1-NN 2-NN 3-NN 4-NN 5-NN 6-NN 7-NN NCC 

Average 

# of 

Prototype

s 

1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 96.25 6.20 

2 96.00 95.33 96.67 97.33 97.33 98.00 98.00 96.00 7.30 

3 96.91 94.71 97.21 96.76 97.50 96.18 96.62 97.06 5.10 

4 63.53 60.00 63.82 62.06 60.59 55.59 58.53 60.29 10.40 

5 81.88 82.81 80.63 77.51 75.94 71.25 70.94 71.56 52.00 

6 69.05 68.57 69.52 63.80 64.29 63.33 62.86 66.67 28.90 

7 86.57 89.43 84.00 86.57 84.86 85.71 83.43 85.71 6.90 

8 65.65 66.30 68.70 69.13 65.43 67.17 66.52 69.78 10.10 

9 95.29 94.12 94.71 94.71 96.47 94.71 96.47 95.29 7.40 

10 52.77 51.55 55.47 55.61 57.91 57.57 57.03 57.53 67.31 

average 80.77 80.28 81.07 80.35 80.03 78.95 79.04 79.61 20.16 

 
Table 3 shows the performances of different KNN classification and the proposed 

combinatorial selective classifier comparatively. NCC is compared with original 
versions of KNN. The NCC method outperforms some of KNN classifiers in terms of 
average accuracy. In addition, because of the lower number of stored prototypes, the 
results of the proposed combinatorial selective classifier are gained while the testing 
phase of the NCC method has less computational burden in both cases of time and 
memory rather than the KNN classifiers. 

4 Conclusion and Future Works 

In this paper, a new method is proposed to improve the performance of KNN 
classifier. The proposed method which is called NCC, standing for Nearest Cluster 
Classifier, improves the KNN classifier in terms of both time and memory order. The 
NCC algorithm employs clustering technique to find the same groups of data in multi-
dimensional feature space. 

Despite of reducing training prototypes, the clustering technique can cause to find 
the natural groups of data. On the other hands, the natural neighborhoods can be 
successfully recognized by clustering technique. Moreover, unlike the KNN method 
which classifies any sample without considering the data distribution, only based on 
exactly K nearest neighbor, in the NCC algorithm, the data is grouped into k clusters 
unequally, according to the data distribution and the position of data samples in 
feature space. 
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The NCC method is examined over nine benchmarks from UCI repository and one 
hand made dataset, HalfRing. Regarding to the obtained results, it can be concluded 
that the proposed algorithm is comparatively not worse than the KNN classifier. The 
NCC method is even more accurate than the KNN classifier in some cases. 
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Abstract. Diffusion Maps is a new powerful technique for dimension-
ality reduction that can capture geometric structure while taking into
account data distribution. In this work we will apply it to time and
spatial compression of numerical weather forecasts, showing how it is ca-
pable to greatly reduce the initial dimension while still capturing relevant
information in the original data.

Keywords: Natural Clustering, Compressed Data, Diffusion Maps.

1 Introduction

Methods for the compression and subsequent analysis of data that also preserve
the original information are much valued in data mining and in machine learn-
ing. Principal Component Analysis (PCA) [4], spectral dimensionality reduction
(DR) [1] or, in general, Diffusion Maps (DMs) [5], [6] are mathematical tech-
niques for unsupervised dimensionality reduction; furthermore, DMs dimension-
ality reduction lend itself naturally to the subsequent application of clustering
methods. More precisely, Diffusion Maps embed the original space into a new
smaller one while preserving the original geometry. In addition, there is a natural
diffusion metric in the original feature space that corresponds with Euclidean
metric in the embedded space. This means that clustering methods that rely on
Euclidean metrics, as is the case of k–means, can be applied in the reduced space.
In other words, DMs can be seen as an intelligent data analysis technique (for
other examples of these techniques, see [13]) for both dimensionality reduction
and clustering.

The analysis of meteorological data is a field that can clearly benefit from
dimensionality reduction techniques. Considering weather forecasts, they usually
involve a large number of variables (about 70 for the forecasts of the European
Center for Medium–Range Weather Forecasts–ECMWF [7]) over large spatial
grids. Even if we consider a single grid point, we must add to this the fact that
forecasts are given for several pressure layers (about 25 for ECMWF) and for
several future horizons (75 in the ECMWF case). Of course, what data are to be
used largely depends on the problem at hand but, as it will be the case here, two
usual situations are, first, to consider a set of forecasts at a single grid point but
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c© Springer-Verlag Berlin Heidelberg 2012



Diffusion Maps for the Description of Meteorological Data 277

Initial Data �� Graph �� Random Walk �� Diffusion Distance
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Clustering DM�� Spectral Theory��

Fig. 1. Steps for Diffusion Maps

taken over a long time period or, second, to consider such a set over a large grid
for, say, a given day. When dimension reduction methods are applied to them,
we shall talk about time and spatial dimensionality reduction respectively.

In both cases, large dimensional data vectors are to be considered and di-
mensionality reduction is clearly of interest but, as it is generally the case with
unsupervised methods, a reasonable question is how to decide the correctness or
usefulness of the new representation. A possible answer can be derived through
the use of clustering. Consider first data points made up of forecasts at a given
grid point over, say, one year. It is logical to expect that points that are close in
the reduced space should also be close in the original space. Since we are dealing
with surface points, a first notion of closeness could be just geographic prox-
imity but this may be just too narrow, as we would also expect that far away
points may share similar weather. Similarly, when dealing with daily forecasts
over a large grid, we should expect that points close in the reduced space are
also close in time; that is, the reduced representation should somehow reflect
seasonal features. We shall follow these approaches in this work. We will work
with ECMWF forecasts for a 1, 995–point square grid that contains the Iberian
peninsula and has a resolution of 0.25 degrees (i.e., a grid square corresponds to
a land square with about a 27 Km side). We will consider data for a whole year
and work with five meteorological variables that are forecasted every 3 hours,
i.e., 8 times a day. Thus, in time compression we will have a sample of 1, 995
points with dimension 14, 600 = 365×5×8 while in spatial compression, we will
have a 365 point sample with dimension 79, 800 = 1, 995× 5 × 8. The paper is
organized as follows. In Section 2, we shall briefly review Diffusion Maps while
in Section 3 we will first review the problems to solve and the data for them and
then we will present the results obtained. Finally, Section 4 ends this paper with
a brief discussion and conclusions.

2 Diffusion Maps

Dimensionality reduction techniques seek to obtain low dimensional representa-
tions of data either looking to capture as much of the variance of the original
data as possible or trying to reflect an underlying low dimensional manifold
where the original data lay. Principal components is a well known example of
the first approach, Spectral Clustering or, more generally, Diffusion Maps (DMs)
of the second one. In this section we will briefly review DMs. Its different steps
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are depicted schematically in Figure 1. To identify the underlying manifold, the
first step in both Spectral Clustering and Diffusion Maps is to build a connectiv-
ity graph of the sample in the initial feature space S = {x1, . . . , xn}. The graph
nodes are the sample points xi and the weight matrix Wij = w(xi, xj) is defined
to be symmetric and point–wise positive. The usual choice for the weight matrix
is to use Gaussian Kernel defined as w(xi, xj) = exp

(
−||xi − xj ||2/ε2

)
, where ε

determines the size of the neighborhood (see [10] for some directions on how to
choose this parameter). Besides other reasons, this kernel choice allows a natu-
ral connection to the Riemannian structure of the underlying manifold [1] and,
moreover, makes possible to use Nyström formula [2] to compute the diffusion
coordinates of new, unseen points.

Once the matrix W is obtained, we expect the graph G = (S,W ) will cap-
ture the local geometry of the data. However, the sample we work with depends
not only on the geometry of the underlying manifold, but also on the data dis-
tribution on the manifold. We review these double influences next, following
the discussion in [5]. Of course, sample distribution may not be related to the
manifold’s geometry. To control the influence of each, we consider a new pa-
rameter α between 0 and 1 that will determine the influence of either geometry
or density. To begin with, we consider the density of each vertex i as the de-
gree of the graph q(xi) =

∑n
j=1 w(xi, xj) and normalize the weight w(xi, xj) as

w(α)(xi, xj) =
w(xi,xj)

q(xi)αq(xj)α
. Working with this new matrix, the degree of a vertex

xi becomes now

g(α)(xi) =
n∑

j=1

w(xi, xj)

q(xi)αq(xj)α
=

n∑
j=1

w(α)(xi, xj),

and we define a Markov chain on the graph with transition probability pαij =

pα(xi, xj) =
w(α)(xi,xj)

g(α)(xi)
. We can consider one–step Markov neighborhoods or,

more generally, larger t–step neighborhoods through the powers of P , i.e.,
pt(xi, xj) = (P t)ij . This leads to define for each t a diffusion distance that
considers two points to be close if they are connected in the graph by many
short paths of length t. More precisely, if φ0 denotes the stationary distribution

of the Markov process [11], defined as φ0(x) = g(α)(x)∑
z∈S g(α)(z)

, the square of the

diffusion distance in t time steps [9] is defined by

D2
t (x, z) = ||pα,t(x, ·) − pα,t(z, ·)||2L2( 1

φ0
) =
∑
y∈S

(pα,t(x, y)− pα,t(z, y))
2

φ0(y)
,

where L2( 1
φ0
) represents the L2–Norm weighted by the stationary distribution

which takes into account the (empirical) local density of the points. The theory
of spectral graphs [1], [12] allows us to consider an alternative formulation of the
diffusion distance, namely

D2
t (x, z) =

n−1∑
j=1

λ2t
j (ψj(x)− ψj(z))

2, (1)
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where λj are the eigenvalues and ψj are the eigenvectors of P
α; we disregard the

trivial solution ψ0 = 1. This last expression leads naturally to DMs dimension-
ality reduction. In fact, we can approximate (1) as

D2
t (x, z) ∼

d(t)∑
j=1

λ2t
j (ψj(x)− ψj(z))

2,

where for a given precision δ we define d(t) = max{l : |λt
l | > δ|λt

1|}. In other
words, if we define the projection

Ψt(x) =

⎛⎜⎝ λt
1ψ1(x)

...
λt
d(t)ψd(t)(x)

⎞⎟⎠
of the original points xi into the d(t) dimensional space Rd(t), the diffusion
distance on the original space can be approximated by Euclidean distance of the
Ψt(x) projections in Rd(t). That is, we have

D2
t (x, z) ∼

d(t)∑
j=1

λ2t
j (ψj(x)− ψj(z))

2 = ||Ψt(x) − Ψt(z)||2.

If the parameters have been chosen adequately, we will have now the original
data embedded in a lower dimension space in such a way that we preserve the
local geometry of the original one and transform the diffusion distance on the
initial feature space to Euclidean distance on the embedding. In view of this
last fact, it is quite feasible to apply now the k–means algorithm over this new
space. We will thus obtain k clusters C1, · · · , Ck that are directly related with
the clusters (A1, · · · , Ak) in the original space S as Ai = {xj |Ψt(xj) ∈ Ci}. The
previous steps are summarized in Algorithm 1.

The last remaining question is how to choose the parameter α. It can be
seen [5] that two extreme cases arise. When α = 1 the infinitesimal generator L1

of the Markov chain is just the Laplace–Beltrami operator in the manifold and
the Markov chain converges to Brownian motion. In particular, there is no influ-
ence of the underlying distribution and we can expect the diffusion projection to
capture the underlying geometry. On the other hand, when α = 0 we obtain the
normalized graph Laplacian typically used in spectral dimensionality reduction
and clustering. For a function f , the infinitesimal generator L0 acts on it as

L0f =
Δ(fq)

q
− Δ(q)

q
f,

and, in general, the underlying density q will also influence the diffusion coordi-
nates, except for uniform densities, where we obtain again L0f = Δf . In what
follows, we will consider the case α = 1.
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Algorithm 1. Diffusion Maps Algorithm

1: Given S = {x1, · · · , xn}, our data set.
2: Construct G = (S,W ) where Wij is a symmetric, positive kernel.
3: Define the density function as q(xi) =

∑n
j=1 w(xi, xj).

4: Normalize the weights by the density: w(α)(x, y) = w(x,y)
q(x)αq(y)α

.

5: Define the transition probability Pij = p(xi, xj) =
w(α)(xi,xj)

g(α)(xi)
,

where g(α)(xi) =
∑n

j=1 w(α)(xi, xj).

6: Obtain eigenvalues {λr}r�0 and eigenfunctions {ψr}r�0 of P such that

{
1 = λ0 > |λ1| � · · ·

Pψr = λrψr.

7: Compute the threshold d(t) = max{l : |λt
l | > δ|λt

1|}.
8: Formulate Diffusion Map:

Ψt =

⎛

⎜
⎜
⎝

λt
1ψ1(x)

.

.

.
λt
d(t)ψd(t)(x)

⎞

⎟
⎟
⎠ .

9: Cluster over the embedding (if desired).

3 Diffusion Maps for Meteorological Data

We will illustrate next how to apply Diffusion Maps to the analysis of the me-
teorological data for the Iberian peninsula. More precisely, we will not work
with actual weather measures but, instead, with surface predictions provided
by the European Center for Medium-Range Weather Forecasts, ECMWF [7].
These predictions will be in general close to the actual atmospheric conditions.
Moreover, they have the advantage of providing values over an uniform large
scale grid, giving for each day eight snapshots of the meteorological conditions
over a large region. As mentioned before, we will use meteorological forecasts for
a whole year, from March 2009 to February 2010, in a grid of resolution 0.25◦,
working with five surface variables, wind velocity and direction (decomposed in
sine and cosine), pressure and temperature, that are available every three hours.

Weather forecasts over a given time period have certainly a time component;
if they are given for a large geography area, there is a spatial component as
well. Both components are natural candidates for data compression, i.e., we can
consider two types of data compression, time and spatial compression, and we
will do so next. For time compression we will consider for each of the 1, 995
nodes in the ECMWF grid for the Iberian peninsula a vector made up by the
5 variable surface forecasts at that node for the whole year. Thus, we assign
to each node a vector with dimension 5 × 8 × 365 = 14, 600, and we seek to
compress that vector into another one of a much lower dimension in a way that
still provides meaningful information for each node. For spatial compression,
we will consider for a given day the vector made up of the 8 daily forecasts of
the 5 surface variables at each node. Now, we assign to each day a vector with
dimension 5× 8× 1, 995 = 79, 800. We discuss time compression first.
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t δ = 0.1 δ = 0.01

1 3 23
2 1 3
3 1 2
4 1 1
5 1 1
6 1 1
7 1 1

Fig. 2. Choosing the appropriated embedding dimension. The left hand image shows
the eigenvalue decay. The right hand table shows dimension values for two precision
values and different values of the diffusion step, t.

3.1 Time Compression

In this section we will explore how to compress for a given grid point a whole
year of weather forecasts. Recall that we have 1, 995 grid points for the Iberian
peninsula and for each of them we have a 14, 600–dimensional pattern. We will
consider first dimensionality reduction and then clustering over the projected
data. The first step in DM DR is parameter selection. We shall work with Gaus-
sian kernels and our first task should be to choose the kernel width parameter
ε. This is a crucial task; we will apply the ideas in [10]. As the parameter ε
defines the neighborhood size, a good idea is fixing ε as 2×median (dij), where
dij represents the Euclidean distance between points xi and xj for every pair of
points in S. The main reason to select this measure is its robustness to outliers.
For this concrete problem the ε value obtained is 2.6× 1005.

The next choices are the diffusion step t and the dimension d(t) of the reduced
space. We first apply the threshold–based dimension selection method proposed
in [5] and already explained in Section 2. Recall that for a given t, we select:
d(t) = max{l : |λt

l | > δ|λt
1|}. The δ precision parameter is fixed in our experi-

ments either at 0.1 or at 0.01. The right hand table in Figure 2 shows d(t) values
for both precisions and different values of t; the figure at left shows eigenvalue
decay. In that table we discard d(t) values of 1, as probably yielding a too drastic
dimension reduction. We also discard the probably too high value of 23 obtained
for δ = 0.01 and t = 1. This leaves us with the options t = 1, d = 3 for the 10%
precision and t = 2, d = 3 or t = 3, d = 2 for the 1% precision. For a more ho-
mogeneous comparison we will work with d = 3 in both cases. As the results are
very similar with both groups of parameters we just present the images obtained
with t = 1. The right hand image in Figure 3 shows a bidimensional represen-
tation of the corresponding embedding on the coordinates associated to the two
largest eigenvalues. To check the relevance of the new coordinates, we will apply
k–means on them and analyze the resulting clusters. As it is well known, it is
usually quite difficult to determine the number k of clusters to be looked for.
One option is likelihood–based methods such as BIC or ICL [3] that assume
underlying Gaussian mixture models and penalize their complexity. However,
likelihood values are often scale dependent and the complexity penalization may
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Fig. 3. Grid representation of cluster points with parameters t = 1, d = 3 and δ = 0.1.
The bidimensional embedding space showing the four clusters obtained with k−means
method is on the right and a map showing the coordinates associated is on the left.
Note that the symbol � is drawn in four positions (up �, down �, right � and left �)
and different grayscale tones are used for a better viewing.

Fig. 4. Grid representation of clusters points with PCA. The right image shows clus-
ters over the PCA projection of the first two components and the left image shows
a map representing the original coordinates associated with the groups made on the
projection.

be too small to make up for that. There are other, more robust options such as
G–means [8] but recall that in our case we are trying to compress a whole year
of data over a sample of 1, 995 grid points over the Iberian peninsula. It is thus
natural to depict the clusters over a two dimensional grid representation and
analyze the resulting figure. In order to make cluster visualization easy in a gray
scale, we just choose 4 clusters and assign to them gray scale values. The result
appears in the left hand image in Figure 3 (results for t = 2 are quite similar).
As it can be seen, it depicts clearly the contour of the Iberian peninsula as well
as that of the north of Africa. Sea grid points are clearly identified as one of the
four clusters. The other three clusters could be roughly assigned to coasts and
lower valleys, the central Spain plateaus and the mountains. We observe that
while final clusters in k–means usually depend on the random initial centroid
election, in this case the results are usually the same. For comparison purposes,
we have also applied here PCA. In principle, the covariance matrix would be
14, 600× 14, 600 but since the data matrix has rank at most 1, 995, this is the
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Cluster μ± σ

C1 −0.88± 0.05
C2 −0.23± 0.35
C3 0.90± 0.35
C4 2.09± 0.54

Fig. 5. 4–means clusters over normalized geopotentials that comes from a 3-
dimensional embedding obtained with t = 1. The table on the right represents normal-
ized geopotential altitude mean and deviation per cluster.

effective dimension. The left hand of figure 4 shows the embedding that would
be provided by the two first components. It has a similar structure to that of the
DMs embedding although that one is better determined (more on this below).
The right hand shows the 4 clusters obtained by k–means over the 3–dimensional
PCA embedding. It assigns two cluster for the sea and another two for the land,
which hints to a less precise embedded structure. Again, final clusters depend
on the initial centroids, but the structure shown is consistently obtained.

In summary DMs dimensionality reduction and clustering of one year of
weather prediction from an initial dimension of 14, 600 to a much lower of 3
gives us a meaningful geographical representation. Viewing the resulting map,
it could be argued that, at the end, what we get could be a height based rep-
resentation of the underlying grid. Since we work with surface forecasts, each
grid point has associated its geopotential in the underlying orography model.
We have considered for the four clusters the geopotentials altitude (normalized
to zero mean and 1 deviation) of each one of their points. Figure 5 depicts geopo-
tential values for each cluster (left image for t = 1, d = 3 and the right one for
t = 2, d = 3). While on the potentials on the left most of the groups are quite
concentrated, this is not the case with the other ones. The table in Figure 5
gives each cluster mean and standard deviation; they are clearly separated and
a Mann–Whitney–Wilcoxon test shows each cluster distribution to be statisti-
cally different. We can conclude that height alone does not explain the cluster
structure found and that DMs has indeed be able to greatly reduce the original
dimension while capturing meaningful information on the initial patterns.

3.2 Spatial Compression

We turn now to the spatial component of weather forecasts. We work with the
same forecast set as before but now our sample is made of 365 patterns that
contain for each day of the year the eight 3–hourly forecasts of wind velocity,
cosine and sine of the wind direction, pressure and temperature for each one of
the 1, 995 grid points. Pattern dimension is now 79, 800. We proceed as before,
using now an ε value of 2.8 × 1005 and determining first the diffusion step t
and its associated dimension d(t) at both the 0.1 and 0.01 precisions. The right
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t δ = 0.1 δ = 0.01

1 5 9
2 2 5
3 2 2
4 1 2
5 1 2
6 1 2
7 1 1

Fig. 6. Choosing the appropriated embedding dimension. The left hand image shows
the eigenvalue decay. The right hand table shows dimension values for two precision
values and different values of the diffusion step, t.

hand table in Figure 6 shows for them the μ ± σ pairs while the image at left
shows eigenvalue decay. We also discard a projected dimension of 1 and, on the
remaining ones, we settle for a dimension of 5 that we achieve when t = 1 at
the 0.1 precision and when t = 2 at the 0.01 one; we have just depicted the
results with t = 1 as the are very similar to the obtained with t = 2. We also
use clustering to ascertain the relevance of the reduced dimensions. Since we
associate here patterns with calendar days, a logical assumption would be that
the reduced patterns should capture seasonal weather behavior and we apply
again k–means with k = 4 (four seasons).

The right hand image in Figure 7 shows the bidimensional representation of
the projected data over the coordinates that correspond to the two largest eigen-
values. The left hand image shows the correspondence between clusters and the
seasonal distribution of days. They depict for each cluster the histogram of the
distribution of spring, summer, fall and winter days, with the slight modifica-
tion of considering March, April and May as spring, June, July and August as
summer, September, October and November as fall and December, January and
February as winter. Clearly the first cluster in both figures can be associated
with summer, while winter is associated with the fourth cluster. With a slight
abuse of language, we will refer to them as the summer and winter clusters. On
the other hand, and perhaps not too surprisingly, there is no such clear cut asso-
ciation of the other two clusters with either spring or fall. Moreover, notice that
the size of the clusters associated to summer is bigger than that of the winter
clusters, pointing to the fact that for the Iberian peninsula, weather summer is
longer than calendar summer and the other way around for winter. Results for
PCA are shown in figure 8. The embeddings looks now remarkably similar as
well as the cluster structure. In particular, PCA performs better now than for
time compression. As a possible explanation, notice that the time correlation
of meteorological variables at a single spot (particularly wind) is rather weak.
On the other hand, the space correlation over a large area at a given time is
stronger. Although this must be further studied, this large spatial correlation
may explain why a decorrelation scheme for Dimensionality Reduction such as
PCA may perform rather well in this setting.
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Fig. 7. Day types for the four seasons with t = 1, d = 5 and δ = 0.1. The bidimensional
embedding space showing the four clusters obtained with k−means method is on the
right and the correspondence between clusters (labeled from 1 to 4) and the seasonal
distribution of days is on the left.

Fig. 8. Day types for the four seasons with PCA. The right image shows clusters over
the PCA projection of the first two components and the left image shows the seasonal
distribution of days.

Cluster μ± σ

C1 21.45 ± 2.13
C2 13.32 ± 2.32
C3 11.72 ± 3.30
C4 9.14 ± 2.95

Fig. 9. 4–means clusters over mean daily temperature that comes from and 5-
dimensional embedding made with t = 1. Mean and deviation per cluster of average
daily temperature is presented in the table on the right.

We could also argue here that the embedded representations may essentially
just capture a seasonal variable, most likely temperature, instead of performing
a more comprehensive dimensionality reduction. As done before, we have con-
sidered the daily mean temperature distribution for each one of the four clusters
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which is shown in Figure 9; the table in Figure 9 shows the corresponding means
and standard deviations. As it could be expected, the summer cluster shows
the highest mean temperatures. Mean temperatures are clearly different for the
intermediate clusters, lower than those of the summer cluster but higher that
those in the winter cluster. Finally, the winter cluster has the lowest daily mean
temperature, but it shows a quite big spread. It is thus clear that DMs also
captures here more information than that provided by temperature values.

4 Conclusions

Diffusion Maps is a recent method for dimensionality reduction that assumes the
original patterns to be embedded in a lower dimensional manifold and allows to
consider the influence on the embedding of both the underlying manifold ge-
ometry and the data distribution on it. Moreover, it introduces a Markov chain
model for data proximity with a natural diffusion distance that becomes Eu-
clidean distance on the embedded space. In turn, this makes quite reasonable to
apply on that space clustering methods that rely on Euclidean distance, more
particularly k–means. In this paper we have applied Diffusion Maps for the com-
pression and analysis of weather forecasts, considering data for a whole year over
a two dimensional grid with a 0.25◦ resolution. The data set has both a time and
a spatial component and it is feasible to consider data compression for each one
of them. For time compression we have shown that clustering over three dimen-
sional projected patterns gives clusters that relate weather patterns to spatial
location in a more meaningful way that that achieved by PCA. For spatial com-
pression we have shown that k–means clustering of five dimensional projected
patterns yields clusters that capture seasonal weather patterns. However, here
PCA DR gives similar results.

In any case, there is work yet to be done. A first task is, of course, the
selection of the number k of clusters when applying k–means. Here k = 4 is
a good selection for the problems considered but more general and principled
approaches and algorithms have to be applied. A second issue is the application
of Diffusion Maps in a supervised setting, building dimensionality reduction and
clustering on a training set but being able to apply them to new, unseen patterns
without having to recompute the eigenvalue and eigenvector structure over which
Diffusion Maps rely. As mentioned in the paper, the most promising way to do so
is to work with Gaussian kernels and use Nyström formula, but besides having
to check whether this works correctly over new patterns, this raises a third issue,
how to select the width parameter of these kernels. On top of this the correlation
structure of meteorological variables has to be further studied to determine which
data organizations can be effectively captured by simpler methods such as PCA.
We are currently working on these and other related issues.

Acknowledgement. The authors acknowledge partial support from grant
TIN2010-21575-C02-01 of the TIN Subprogram of Spain’s MICINN and of the
Chair for the Automatic Machine Learning in Modelling and Prediction. The



Diffusion Maps for the Description of Meteorological Data 287

first author is also supported by the FPI-UAM grant and kindly thanks the
Applied Mathematics Department of Yale University for receiving her during a
visit supported by the FPI-UAM grant.

References

1. Belkin, M., Nyogi, P.: Laplacian Eigenmaps for Dimensionality Reduction and Data
Representation. Neural Computation 15, 1373–1396 (2003)

2. Bengio, Y., Delalleau, O., Le Roux, N., Paiement, J.F., Vincent, P., Ouimet, M.:
Learning eigenfunctions links spectral embedding and kernel PCA. Neural Com-
putation 16, 2197–2219 (2004)

3. Biernacki, C., Celeux, G., Govaert, G.: Assessing a Mixture Model for Clustering
with the Integrated Completed Likelihood. IEEE Transactions on Pattern Analysis
and Machine Intelligence 22, 719–725 (2000)

4. Bishop, C.M.: Pattern Recognition and Machine Learning. Springer, Heidelberg
(2006)

5. Coifman, R., Lafon, S.: Diffusion Maps. Applied and Computational Harmonic
Analysis 21, 5–30 (2006)

6. Coifman, R., Lafon, S., Lee, A., Maggioni, N., Nadler, B., Warner, F., Zucker,
S.: Geometric diffusions as a tool for harmonic analysis and structure definition
of data: Diffusion maps. Proceedings of the National Academy of Sciences 102,
7432–7437 (2005)

7. European Center for Medium–Range Weather Forecasts: http://www.ecmwf.int/
8. Hammerly, G., Elkan, C.: Learning the K in K–means. In: Advances In Neural

Information Processing Systems, vol. 17 (2003)
9. Nadler, B., Lafon, S., Kevrekidis, I.G., Coifman, R.: Diffusion Maps, Spectral Clus-

tering and Eigenfunctions of Fokker-Planck operators. In: Advances In Neural In-
formation Processing Systems, vol. 18 (2005)

10. Rabin, N.: Data mining in dynamically evolving systems via diffusion methodolo-
gies. PhD Thesis, Tel-Aviv University (2010)

11. Rogers, L.C.G., Williams, D.: Diffusions, Markov processes, and martingales. Foun-
dations, vol. 1. Cambridge Mathematical Library (2000)

12. Shi, J., Malik, J.: Normalized cuts and image segmentation. IEEE Transactions on
Pattern Analysis and Machine Intelligence 22, 888–895 (2000)

13. Abraham, A., Corchado, E., Corchado, J.M.: Hybrid learning machines. Neuro-
computing 72, 2729–2730 (2009)

http://www.ecmwf.int/


Computational Complexity Reduction
and Interpretability Improvement
of Distance-Based Decision Trees

Marcin Blachnik1 and Mirosław Kordos2

1 Silesian University of Technology, Department of Management and Informatics,
Katowice, Krasinskiego 8, Poland
marcin.blachnik@polsl.pl

2 University of Bielsko-Biala, Department of Mathematics and Computer Science,
Bielsko-Biała, Willowa 2, Poland
mkordos@ath.bielsko.pl

Abstract. Classical decision trees proved to be very good induction systems pro-
viding accurate prediction and rule based representation. However, in some areas
the application of the classical decision trees is limited and more advanced and
more complex trees have to be used. One of the examples of such trees are dis-
tance based trees, where a node function (test) is defined by a prototype, distance
measure and threshold. Such trees can be easily obtained from classical decision
trees by initial data preprocessing. However, this solution dramatically increases
computational complexity of the tree. This paper presents a clustering based ap-
proach to computational complexity reduction. It also discusses aspects of inter-
pretation of the obtained prototype-threshold rules.

Keywords: Decision trees, instance selection, clustering, prototype rules.

1 Introduction

Decision trees proved to be very useful tool for knowledge induction in classification
and regression problems [15,4]. There are two benefits of using them; first because they
make the prediction very accurate and second, because the obtained solutions are easy
to interpret and can be formulated as a set of rules.

The idea of decision trees also evolved to forests of decision trees, where the output
of the system is obtained by voting of individual trees. This extends the generalization
abilities of single classical decision tree. The idea of boosting is also closely related to
decision trees, where the weak learner is often realized by the decision tree [2]. Unfor-
tunately despite the fact that forests of trees increase the accuracy of the system, they
also reduce the comprehensibility of the system thus rejecting one of their advantages.

In the literature decision trees also evolved in a different direction, based on replacing
a classic node function - combination of attribute - threshold pair, by more advanced
solutions like Naive Bayes tree [9], where each node of the tree consists of a naive
Bayes rule. In other approaches some authors like Sumner proposed a decision tree
with a linear node function [14]. More advanced solutions also consider neural networks
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(MLP networks) as nodes of the tree [10,11] or a hybrid trees as in [12]. In general all
these solutions are a subset of heterogeneous decision trees or forests of decision trees
[8] where a node test can realize any type of decision function. Such mixture of decision
trees and complex node functions directly leads to so called hybrid machines or hybrid
intelligence [6,5,1].

There are two approaches to building the hybrid or heterogeneous decision trees.

1. The node splitting function can be seen as an independent decision making model
with any shape of the decision boundary for example naive Bayes classifier, linear
model, quadratic model, etc.

2. The node splitting function can be also realized by initial transformation of the
input data or extension of the original input data by some new features which are
constructed before the induction process. In that case the node function remains
the basic one; attribute - threshold pair, but the dataset is modified by appending
some new attributes obtained by some mapping function. A typical example of that
solution are attributes obtained by linear or nonlinear projections.

The two approaches usually lead to different solutions and different trees. The advan-
tage of the first one is construction of the decision function for a particular data available
in the particular node, while in the second approach the decision tree is only restricted to
the nonlinear transformations used for construction of the new attributes. On the other
hand the data delivered to all the nodes except the root of the tree is strongly unbal-
anced, what makes an important problem in construction of the decision function in the
first approach. This is especially important when classical models like linear or nonlin-
ear classifiers are used as the node splitting function. That restriction does not apply to
the second scenario, because splitting indexes like information gain, or Gini index are
designed to support unbalanced data.

An interesting example of the nonlinear transformation function of the input data
is the kernel or distance based mapping. In case of that transformation the input data
are replaced by the distances of each vector to all other vectors, such that denoting
n as the number of instances and m as the number of features, the original dataset
X = [x1,x2, . . . ,xn] of size n ×m where xi is a vector xi = [xi,1, xi,2, . . . , xi,m] is
transformed to the dataset Z by mapping:

zi,j = D(xi, xj) (1)

where D(a,b) = ||a− b||L is the distance function or L norm, such that after the
transformation the resulting dataset Z becomes of size n × n and the so called new
attributes are defined as distances from reference vectors to instances of the training
set. The idea of such mapping was proposed by Duch and Grąbczewski in [8] and leads
to the piecewise spherical decision boundaries. Such transformation is an example of
heterogeneous trees of type 2.

As it can be noticed that transformation has an important impact on the number of
attributes of the dataset, because usually n � m. This requires considering the com-
putational complexity of the model. The computational complexity of decision trees is
defined as O(n,m) = n log(n) ·m. According to that equation the number of attributes
has linear influence on the computational complexity of a decision tree. Performing



290 M. Blachnik and M. Kordos

the kernel or distance mapping leads to m = n, what makes the overall computational
complexity of order O(n,m) = n · m log(n) ⇒

m=n
n2 log(n) that is above quadratic

complexity. For large datasets that makes this solution very limited.
In that paper we show how to overcome such limitation by reducing the number

of reference vectors when building the distance matrix. We also provide the possible
interpretation leading to prototype based rules, which can be seen as an extension of
classical propositional logical rules.

2 Prototype Based Rules and Interpretability of Distance Based
Decision Trees

A typical way of understanding the data leads to propositional logical rules. However,
this way of data representation is limited and unable to express some states of nature.
A typical example of such limitation is majority voting, a concept which can be sim-
ply formulated using M-of-N rules. Given vector x of m binary answers xi ∈ {0, 1}
(answers of voting participants) the explanation of “majority is for it" concept can be
written as

∑m
i=1 xi > 0.5m, what naturally explains the nature of any voting system.

To learn the same concept from binary data with propositional logical rules requires(
m

m/2

)
rules, what would lead to very low comprehensibility. Such majority voting can

be easily learned from the data using the distance or similarity measure and prototype
based rules. Considering the Hamming distance and some prototype p = [1, 1, . . . , 1]T

of m values, such a rule may be expressed as: ||x− p|| < m/2.
From the perspective of psychology and natural human data processing the concept

of prototypes is well known since 70’s from the work of Eleonor Rosch [16] and more
recent cognitive experiments, which show that the categorization of natural objects and
states of nature is based on memorization of numerous examples and creation of proto-
types that are abstractions of these examples [17].

In computer science prototype based methods were also commonly used. A good
example is nearest neighbor classifier (kNN) and its modifications [18] including case
based reasoning. In the classical kNN based approaches the main idea is to provide
high accuracy, reducing the interpretability to selecting the nearest instances. However,
in prototype based rules we focus not just on accuracy and generalization, but rather on
keeping as small as possible the set of instances that are able to represent the underlying
concept [7,13], thus finding the compromise between accuracy and complexity (number
of prototypes).

Currently prototype based representation, are not used as rule based systems. In
practice, most of the common rule based systems including propositional logical and
fuzzy rules can be expressed as prototype based rules. That types of rule based system
can be defined depending on selected (dis)similarity measure. For example considering
Chebyshev distance (Linf norm) and a nearest neighbor based reasoning one may ob-
tain propositional logical rules and with Euclidian distance or Manhattan distance one
may obtain prototype based system equivalent to fuzzy rule based system with max ag-
gregation function and a product of Gaussian or triangular membership functions [19].
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There are two types of prototype based rules:

– Prototype Threshold Rules (PT-rules). In such system the rule is defined as a pair
of a prototype pi and an associated threshold θi value such that i-th rule can be
written as:

If S(x,pi) > θi Then C(x) = C(pi) (2)

where C(·) is a function returning some information associated with the prototype,
for example a class labels.

– Nearest Neighbor Rule (PN-rules). In this kind of rules the most similar prototype
is selected:

If k = argmax
i

S(x,pi) Then C(x) = C(pk) (3)

so the output value depends on the internal mutual relations between prototypes.
Considering some fuzzy interpretation or operator "is similar to" this can be also
written as:
If x is similar to pi then it is of the same class with some support wi:
leading to the list of rules

If wi = S(x,pi) Then C(x) = C(pi) with support wi

If x is similar to p2 Then C(x) = C(p2) with support w2

. . .
If x is similar to pv Then C(x) = C(pv) with support wv

(4)

where P = [p1,p2, . . . ,pv]
T is a set of v prototype vectors and wi is the support

for the conclusion of the i-th rule. The final output of this rule based system is
obtained by:

C(x) = A(wi, C(pi)) (5)

where A(·) is an aggregation operator, which joins conclusions of individual P-
rules.

Distance based decision trees can be interpreted as a set of PT-rules, where a single
prototype p with associated similarity measure S(·,p) defines for a given threshold θ a
subspace Sp of vectors x for which S(x,p) < θ. This subspace is centered at the posi-
tion of the prototypep and may have different shapes, depending on the similarity func-
tion. Such interpretation defines a crisp logical rule for the new feature xp = S(x,p).
In this case the antecedent part of a PT-rule uses similarity to a single prototype and the
class label of that prototype (in classification tasks) is the consequence part (2).

The similarity value may be used to estimate confidence factor for such rules. The
rescaled difference μp(x) = S(x,p)−θ may obviously be interpreted as a fuzzy mem-
bership function defining the degree to which vector x belongs to the fuzzy subspace
Sp. Many similarity functions are separable (are defined as an aggregation of a similar-
ities of each attribute independently). For example:

S(x;p, σ) =
∏
i

S(xi, pi;σi) (6)
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where x = [x1, x2, . . . , xn]
T and p = [p1, p2, . . . , pn]

T are n-dimensional vectors, and
S(·) is similarity function.

Threshold P-rules with separable similarity functions can be interpreted as fuzzy
rules (F-rules) with a product as a fuzzy and aggregation operator. Linguistic interpre-
tation of F-rules relies on semantics of linguistic values assigned to each linguistic vari-
able as adjectives describing the membership functions. Such representation is sensitive
to context. A good example of this context dependence is an adjective high that may
describe objects of different types, for example a person, but even in this case different
kinds of people: kids, women or basketball players will require different membership
function representing variable “high". Thus indirectly fuzzy rules have to rely on proto-
types of objects or concepts to define the context, but since in fuzzy rules this context is
not explicitly represented, confusion is quite likely. P-rules make this reliance explicit
always pointing to prototypes of particular concepts, allowing each concept to be de-
composed into independent features that may be treated as linguistic values in the fuzzy
sense.

3 Computational Complexity Reduction

In the introduction the problem of computational complexity of distance based decision
trees was described. As it was pointed out the computational complexity of such sys-
tem is of the order n2 log(n) that makes that approach limited just to small datasets.
A typical approach to overcome the computational complexity of datasets with large
number of attributes are random forests [3]. This approach is based on constructing a
set of decision trees on randomly selected subset of attributes. In such a case, when
each tree is constructed on randomly selected subset of attributes with fixed m′ � m
the computational complexity is becoming m/m′ smaller, and instead of n log(n) ·m
one may obtain k ·n log(n) ·m′, where k is the number of constructed decision trees in
the forest.

Unfortunately this approach is not based on a single tree but on a set of trees. This
has a positive influence on the accuracy of the model, but on the other hand it reduces
the comprehensibility of the system. To preserve the interpretability it is desired to
build rather a single tree. Reduction of the computational complexity in that case can
be obtained by preselecting instances used as reference points. This can be obtained by
clustering the training set into h clusters and then extracting the centers of the clusters
vj . Such cluster centers V = [v1,v2, . . . ,vh] are then considered as reference points
for new attributes. Because h � n the computational complexity is reduced and can
be controlled by defining the number of cluster centers h. In the presented research the
idea of clustering the input data for preselecting prototypes was compared to the full
distance based decision trees, and to classical decision trees.

4 Numerical Experiments

4.1 Experiment Description

To verify the proposed approach a series of experiments were performed. In all the
experiments three scenarios were compared
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1. Classical decision tree with optimized pruning parameter
2. Distance based decision tree with full distance matrix, also with optimized pruning

parameter
3. Distance based decision tree based on reference vectors obtained by Fuzzy c-means

clustering also with optimized pruning parameter

The experiments were performed on well known datasets from UCI repository including
Heart Disease (Cleveland), Diabetes (Pima Indian), Sonar, Breast Cancer (Wisconsin),
Ionosphere, Spam Base. In all experiments a 10-fold crossvalidation test was performed
and the average results are reported. The tree pruning level and number of clusters were
fixed and not optimized within the crossvalidation for any of the methods.

The testing scenarios are presented on figure (1) The number of clusters in all exper-
iments were proportional to the number of samples in each class. The procedure was as
follows:

1. determine the number of samples of each class for a given dataset s=[s1, s2, . . . , sc]
2. calculate the number of clusters by dividing s by one of the values representing the

fraction of the instances in the training set t = [10, 5, 2, 1.5, 1.2] (The experiments
were conducted with the arbitrarily chosen number of clusters proportionally to the
dataset size, so that the centers of clusters replaced the original dataset.)

3. for each number of cluster centers perform independent crossvalidation test. In all
experiments the instances of each classes were clustered independently and finally
the obtained cluster centers were joined into a single set.

When performing the comparison also the computational time was recorded. The time
includes not only the tree construction process, but also the time required to build the
distance matrix, and the time required for clustering. All the experiments were per-
formed using Spider toolbox for Matlab. The version of Spider used in the experiments
is available from http://mblachnik.pl. The decision tree used in the experi-
ments was the default Matlab tree and was based on Gini index.

Fig. 1. Testing procedure. Three scenarios: a) using clustering, b) using full similarity data, c)
classical decision tree

http://mblachnik.pl
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4.2 Results and Remarks

The above described procedure was used to obtain the results. The relationship between
the accuracy and the number of cluster centers (the compression ratio) is presented
in figure (2). Values on axis X represent the percent of compression, interpreted as a
fraction of the number of cluster centers to the number of instances in the training data.
Y axis shows the accuracy of the model. The dotted lines represent the accuracy and
standard deviation of the distance based decision tree trained on a full feature set and the
solid line is the accuracy of the distance based decision tree obtained by initial clustering
for different number of clusters. As it can be seen in most of the cases, except Spam
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Fig. 2. The relationship between the classification accuracy (Y axis) and the number of reference
vectors (X axis) for 6 datasets. The accuracy and its standard deviation obtained on a full training
set used as a reference point is plotted with a dashed line.

Base and Sonar dataset, there are no significant differences between results obtained
with the full dataset and with the clustered data. Moreover, for Heart Disease dataset the
results of clustered based decision tree are even better then the results obtained with the
full similarity matrix. A comparison of the best results on all these datasets in presented
in table (1). This table also includes time required to build the models, size of the trees
expressed in the number of nodes and as a reference the results of the classical decision
tree. An example of the relation between computational time and compression of Spam
base dataset is presented on figure (3). This figure points out that the dependency is
linear. Spam Base dataset was used for the comparison of computational complexity,
because this dataset is not suitable for the distance based decision trees. This resulted
in a very small accuracy and very complex tree structure, such that for most of the
parameters the full tree had to be built. When analyzing the results presented in table
(1) one may observe that the reduction of the training time does not always occur. This
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Table 1. Comparison of the best results obtained in all tree scenarios, using: clustering based
distance tree, full distance matrix based decision tree and classical decision tree

Dataset Clustering based Distance Tree Distance Tree Classical Decision tree
Acc±Std time #nodes Acc±std time #nodes Acc±std time #nodes

Heart disease 82,17±4,95 0,42 3 80,81±7,12 1,42 5 78,7816±7,70 0,05 15
Diabetes 72,79±4,13 1,26 5 72,53±4,33 3,36 15 76,4371±5,87 0,08 43
Sonar 72,62±6,68 0.51 7 79,38±9,20 0,40 3 74,4048±9,80 0,50 21
Breast cancer 97,51±1,56 1,14 7 97,07±0,97 1,09 3 94,8721±2,71 0,03 25
Ionosphere 94,02±2,82 2,09 13 94,02±2,84 1,49 9 89,4524±3,33 0,03 5
Spam base 82,07±1,75 91,15 399 90,44±1,77 161,13 65 92,3276±0,57 1,03 139
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Fig. 3. Time required to build the distance based decision tree as a function of data compression

is related to the depth of the constructed tree. When the stop criteria are able to stop the
tree construction process earlier then it results in a lower computational time.

5 Conclusions

In this paper the problem of computational complexity of distance based decision trees
was discussed including the aspects of interpretability of that models. A simple ap-
proach based on initial clustering of input data to reduce the number of attributes used
for tree construction was used to build the tree. This method allows for linear reduction
of the computational complexity. In general, the obtained results were comparable to
the results obtained with full distance matrix and in some cases were even better like
for Heart Disease or Brest Cancer datasets. It can be also seen that the for both these
datasets and also in case of the Diabetes dataset the distance based decision trees per-
formed better then the classical decision tree. However, as it was shown in table (1) for
some datasets like the Spam Base or Sonar the obtained results after clustering were
worse then the results obtained with the full size distance matrix. Moreover, in the case
of Spam Base the obtained results were significantly worse then the results obtained
with a classical decision tree. This means that this dataset does not have piecewise
spherical decision border, what confirms the no free lunch theorem. Among all tested
datasets it can be seen that for Brest Cancer and Heart Disease it is possible to extract
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simple prototype threshold decision rules (PT-rules). For the Brest Cancer dataset a
single PT-Rule allows for classification with 97% of accuracy. Also in the case of Sonar
dataset a single PT-rule allows for classification with 79% accuracy, while the classi-
cal decision tree creates very complex rule based system. Similarly for the Ionosphere
dataset instead of 22 classical logical rules only 3 PT-rules allow for classification with
the accuracy only 2% worse then that of a classical tree.

From the perspective of model comprehensibility it is desired to simplify the PT-
rules. At the current state all of the PT-rules include all of the input attributes. This
situation arises from the fact that the similarity matrix is created as a preprocessing
step, without any node function modification. To increase the interpretability of the
PT-rules, reduction and adjustment of appropriate attributes included in the similarity
matrices is necessary. To solve this problem the node function has to be modified so
that it includes the feature selection step of the input data. That is our future research
direction.

In general, the proposed approach is suitable for large datasets reducing the com-
putational complexity of the training process. The presented results confirmed that the
approach is rather not dedicated for accuracy improvement, but for decreasing of train-
ing time, which for large dataset may be an important limitation for applications of the
distance based decision trees. Any accuracy improvement is just a side effect. However,
there are other advantages of that kind of trees, like model comprehensibility, especially
when decision border can be interpolated as a piecewise elliptical function.
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Higher Education, project No. 4421/B/T02/2010/38 (N516 442138).
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Abstract. In this work, an augmented hybrid immune detector maturation 
algorithm applied in anomaly detection is proposed to improve the 
generalization capability. Experiment results show the algorithm is more 
effective and its generalization capability to detect more similar patterns is 
improved. 
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detector.  

1 Introduction 

Nowadays, Hybrid Intelligent Systems are becoming popular due to their capabilities 
of handling many real world complex problems such as multi objective optimization, 
data mining [1]. As an intelligent technique, Artificial Immune System (AIS) has 
been applied to many areas such as computer security, classification, learning and 
optimization [2]. Negative Selection Algorithm, Clonal Selection Algorithm, Immune 
Network Algorithm and Danger Theory Algorithm are the main algorithms in AIS 
[3][ 4]. 

Reference [5] mentioned ‘Th-cells are general, nonspecific detectors, and so are 
not efficient at detecting specific pathogens. B-cells, by contrast, can adapt to become 
more specific, and thus more effective at detecting particular pathogens’. So there is a 
balance between generality and specialty. The detectors generated by T-detector 
Maturation Algorithm (TMA) are just like the generalized lymphocytes (or Th-cells) 
and the detectors generated by affinity maturation are the specialized   lymphocytes 
(or B-cells). So it is reasonable that Hybrid Immune Detector Maturation Algorithm 
(HIDMA) combines TMA with affinity maturation. HIDMA with Lifecycle Model 
(HIDMA-LM) is proposed to solve the adaptive problems. Lifecycle is used as a 
pressure to improve the effect of the selection operator [6].  

To improve the generalization capability [7] and detect more similar patterns, an 
augmented HIDMA-LM algorithm called HIDMA-GC (Generalization Capability) is 
proposed and applied in anomaly detection. 
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2 Algorithm 

2.1 Match Range Model 

U={0,1}n ,n is the length of binary string. The normal set is defined as selves and 
anomaly set is defined as nonselves. selves∪nonselves=U. selves∩nonselves=Φ. 
There are two binary strings Sg=g1g2…gn, Sb=b1b2…bn. The hamming distance 
between Sg and Sb is: 

∑
=

⊕=
n

1i
ii bgSb)d(Sg,  (1) 

The detector is defined as dct = {<Sb, selfmin, selfmax> |Sb∈U, selfmin, 
selfmax∈N}. selfmax is the maximized distance between dct.Sb and selves, selfmin is 
the minimized distance. The detector set is defined as DCTS. Selfmax and selfmin is 
calculated by setMatchRange(dct, selves), i∈[1, |selves| ], selfi∈selves 
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=
=
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ngesetMatchRa  (2) 

[selfmin,selfmax] is defined as self area. Others are as nonself area. The antigen is 
defined as Ag= {<Sg > | Sg∈U}, The antigen set is defined as AGS. 

Suppose there is one antigen ag∈AGS and one detector dct ∈ DCTS. When 

d(ag.Sg,dct.Sb) ∉ [dct.selfmin, dct.selfmax], ag is detected as anomaly. It is called as 
Range Match Rule (RMR) shown in equation 3.Value true means that ag is anomaly. 
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x]dct.selfmain,[dct.selfmdct.Sb)d(ag.Sg,true,

x]dct.selfmain,[dct.selfmdct.Sb)d(ag.Sg,false,
dct)g,RMRMatch(a  (3) 

Based on RMR, the detect procedure detect(ag, DCTS) is defined as equation 4. True 
means that ag is anomaly. 

⎩
⎨
⎧ =∈∃

=
othersfalse,

true)dctg,RMRMatch(aDCTS,dcttrue,
DCTS)detect(ag, kk  (4) 

2.2 The State Transformation Model 

In this model, The antigen is redefined as Ag= {<Sg,state,undetectedCount > 
|undetectedCount∈N, state∈{‘new’,’suspect’,’self’,’nonself’}}. Antigen has four 
states shown in Fig.1. State ‘new’ means an antigen just inject into the algorithm and 
‘nonself’ means an antigen is detected by the detectors. If an antigen cannot be 
detected after one generation, its state is changed to ‘suspect’ and its undetectedCount 
is inscreased. If an antigen cannot be detected over many generations and  
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its undetectedCount is bigger than the max undetected generations, 
maxUndetectedCount, its state is changed to ‘self’. The ‘self’ and ‘nonself’ will be 
removed from AGS.  

 

 
 
 

Fig. 1. Antigen’s transformation model 

 
 
 
 
 
 
 

Fig. 2. Detector’s transformation model 

The detector is redefined as dct = {<Sb, d, harmmax, selfmin, selfmax, state, 
lifecycle, detectedAgNum, oldDetectedAgNum > | d,harmmax, selfmin, selfmax, 
lifecycle, detectedAgNum, oldDetectedAgNum∈N, state∈{‘new’,’highest’, 
’maturation’,’die’}}. Detector has also four states shown in fig.2. State ‘new’ means a 
detector or lymphocyte is just generated. If a detector detects any nonself antigen, its 
state is changed to ‘maturation’. If a detector has the highest distance or affinity with 
a specific antigen than other detectors, its state is changed to ‘highest’. Otherwise, its 
state is changed to ‘die’ and it will be removed from DCTS. 

Other properties in the definition of Ag, dct are calculated by the following steps:  
 

new suspect

2 3

1

4

self nonself 

new highest 

2 3

1

4

maturation die 
5 

1. can not be detected by existed maturation detectors 
2. can not be detected over specific generation 
3,4. detected by any new or maturation detectors 

1. has the highest affinity with antigen 
2. detected an nonself antigen 
3,4. has lower affinity with all antigens and can not detect any antigen 
5. the lifecycle decreased to 0 
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N][1,jM],[1, i|,DCTS|N |,AGS| M ∈∈==  (5) 

The value i is the index of antigen in AGS and the value j is the index of detector in 
DCTS. The value of d is the distance between dct and current antigen Ag.  

1. Equation 6 is used to calculate the distance or affinity between Ag and dct.  

.Sb)dct.Sg,d(Agd.ddct jiijij ==  (6) 

2. Equation 7,8 is used to calculate the property of dct’s harmmax. The children of the 
detector dct reproduced are proportion to Harmmax. 

}{ Mj2j1jj* ,...dd,dd =  (7) 

( )j*j dmax.harmmaxdct =  (8) 

3. According equation 9, if angtigen i cannot detect by any detector in DCTS, antigen 
i is taken as suspect antigen, which means that antigen i required to be detected over 
many generations until antigen is is taken as self antigen or nonself antigen. If antigen 
i can not be detected over maxundetectedCount generations, it is changed to ‘self 
antigen’. Suppose detector dctx has the max distance with agi, detector dctx is changed 
to highest detector. 
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4. In equation 10, If detector y detects the antige i, antigen i is changed to nonself 
antigen and detector y is changed to maturation detector.  The detectedAgNum of 
detector y is increased. DCTSiM is defined as the set of detectors which can detect the 
antigen i as nonself.  
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In equation 11, rlife is a parameter used to control the lifecycle of maturation detector. 
Suppose detector dctm has the max detectedAgNum, dctm‘s lifecycle is increased after 
agi is detected. So dctm can be reserved to detect more similar antigens and the 
generalization capability of the algorithm is improved. If rlife is set to ∞, it will not die. 

}

gNum.detectedAdctedAgNum.oldDetectdct

AgNum*r.lifecycledct.lifecycledct

0){if(AgNum
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5. In equation 12, the lifecycle of the detector will decrease. If lifecycle is equal to 0, 
it will be removed 
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mm

mmm

===
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 (12) 

2.3 The Detect Process 

The algorithm proposed has combined TMA with Affinity Maturation. So it has two 
detect processes. Some variables are defined in equation 13~16. 

new''.stateAgAGS,AGSAg newnewnew =∈∈∀  (13) 

suspect''.stateAgAGS,AGSAg suspectsuspectsuspect =∈∈∀  (14) 

highest''.statedctDCTS,DCTSdct highesthighesthighest =∈∈∀  (15) 

'maturation'.statedctDCTS,DCTSdct highestnmarturatiomaturation =∈∈∀  (16) 

1. AGSnew is first detected by DCTSmaturation,called TMADetect. After the 
process, Angtigen in AGSnew will be split into suspect or nonself antigen. If one 
antigen cannot detected by any detector, highest detectors will be generated.  

2. AGSsuspect is detected by DCTSmaturation and DCTShighest ,called 
AMDetect. In this process, new detectors are generated from the highest detectors 
through affinity maturation. Also, new detectors are randomly generated to implement 
the TMA. 
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2.4 Implementation of HIDMA-GC Algorithm 

The algorithm is shown in fig.3. TMA is used to detect the new antigen and Affinity 
Maturation is used to detect the suspect antigen. Step 8 is as a part of TMA and used 
to generation new detectors. The number of detectors generated is | AGSsuspect |. Step 
9-10 is as the process of Affinity Maturation. In step.9, Each detector with higher 
affinity in DCTShighest reproduces child detectors. The higher affinity the detector has , 
the higher the number of clones generated[7]. The number of new detectors generated 
is the value of harmax. In step.10, There is no cross operator but mutate operator 
according the hypermuate principle. The higher affinity, the smaller mutate rate [7]. 
So mutate Rate is (the length of dct.agbin-dct.harmmax)/2.  

 
1.  For generation g=0 to maxgeneration maxg 
2.  AGSnew =Get all antigens injected in the generation g 
3.        if(|AGSnew|>0){//TMADetect 
4.         Detect(AGSnew, DCTSmaturation) }// shown in fig.4 
5.   If(|AGSsuspect |>0){//AMDetect 
6.   Detect(AGSsuspect, DCTSmaturation U DCTShighest)// shown in fig.4 
7.           If(|AGSsuspect |>0){ 
8.             Randomly generate new detectors//As a part of TMA    
9.                   clone operator. //As a part of Affinity Maturation 
10.               hypermuate operator. 
11.                  setMatchRange//according equation 2}} 
12          if(|AGSnew|>0 or |AGSsuspect |>0){ 
   //according equation 12 

Each detector in DCTSmaturation with lifecyle=0 is removed} 

Fig. 3. Model of the algorithm 

3 Experiments 

The objective of the experiments is to investigate the generalization capability. 
Experiments are carried out using the famous benchmark Fisher’s Iris Data. Minimal 
entropy discretization algorithm is used to discretize these data sets [8]. For verifying 
the adaptive character, nonself data are changed every 20 generations, 
maxundetectCount=maxg. In the Iris Data, It has 4 attributes and has total 150 
examples with three classes: ’Setosa’, ’ Versicolour’, ’ Virginica’. Each class has 50 
examples.  One of the three types of iris is considered as normal data. The other two 
are considered anomaly and injected into the algorithm in turn and repeatedly. The 
proposed algorithm HIDMA-GC and HIDMA-LM runs for 10 times especially with 
different rlife which is set to 5, 10, 15, 20, 1000000. The max generation 
maxg=1000000. 

 
 
 



304 J. Chen, F. Liang, and Z. Fang 

 

Detect(parAGS,parDCTS){ 
1.  Each dct in parDCTS,Set harmmax=0 
2. For int i=0 to | parAGS |{ 
3.   Harmmax=0 
4.   dctx=null; 
5.   DCTSiM=null; 
6.   dcty=null 
7.   For int j=0 to | parDCTS |{ 
8.     d[i][j]=Distance(parAGS [i], parDCTS [j]) 

//according to equation 8 
9.     If(d[i][j]> parDCTS[j].harmmax){ 
10.      parDCTS[j].harmmax = d[i][j]} 

//according to equation 10 
11.     If(d[i][j]> parDCTS[j].selfmax  

|| d[i][j]< parDCTS[j].selfmim){ 
12.      DCTSiM= DCTSiM U parDCTS [j]} 

} 
13.  If(DCTSiM==null) {       

//according to equation 9 
14.   dctx.state=’highest’ 
15.    parAGS [i].state=’suspect’ 
16.    parAGS [i].undetectedCount++; 
17.    if(parAGS [i].undetectedCount >maxundetectedCount){ 
18.            parAGS [i].state=’self’} 

}Else{ 
//according to equation 11 

19.   maxDetectedAgNum=0 
20.   dctm=null 
21.   for int y=0 to |DCTSiM!{     
22.     dcty=DCTSiM[y] 
23.    dcty.state=’maturation’ 
24.    dcty.detectedAgNum= dcty.detectedAgNum+1 
25.    if(maxDetectedAgNum< dcty.detectedAgNum){ 
26.     Dctm=dcty} 
27.     parAGS [i].state=’nonself’ 

} 
28.   Dctm.lifecycle= Dctm.lifecycle+rlife* 

 (dctm.detectedAgNum- dctm.olddetectedAgNum) 
29.   dctm.olddetectedAgNum= dctm.detectedAgNum 

} 
} 

Fig. 4. Detect function 
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3.1 Generalization Capability 

In Fig.5(a), it shows that HIDMA-GC use less detectors in the top figure and detect 
more antigens in the bottom figure. So HIDMA-GC has more generalization 
capability than HIDMA-LM. So does in figure b and c. 

  

(a) 

  

(b) 

Fig. 5. The comparation of algorithm using Iris Data 
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(c) 

Fig. 5. (continued) 

3.2 The Effect of Affinity Maturation and Adaptive Population 

In fig.6(a), the first figure shows the number of antigens changed in every 20 
generations. No matter how the antigens change, there are fewer antigens which 
cannot be detected in the second figure because of the adaptive population of HIDMA 
shown in the forth figure. 

Furthermore, in the algorithm, affinity maturation operator is activated intensely in the 
seventh figure when the number of detectors in the forth figure is not enough to detect all 
the antigens in the second figure. In the forth figure, larger the rlife is, more stable the 
population is and less effective Affinity Maturation is in the seven figure. So it is 
conclude that affinity maturation is the effective mechanism to regulate the population. 

 

(a) 

Fig. 6. Results of HIDM-GC using Iris Data 
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(b) 

 

(c) 

Fig. 6. (continued) 

4 Conclusion 

In this work, to improve the generalization capability and detect more similar 
patterns, an augmented HIDMA-LG algorithm (HIDMA-GC) is proposed. The results 
show that the generalization capability is improved and more similar pattern can be 
detected. It is concluded that affinity maturation is the effective mechanism to 
regulate the population. Furthermore, with different rlife value, the ability to detect 
common patterns of the detectors is different. The optimized rlife value is required to 
be solved in the future. 
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Abstract. While state-of-the-art classifiers such as support vector ma-
chines offer efficient classification for kernel data, they suffer from two
drawbacks: the underlying classifier acts as a black box which can hardly
be inspected by humans, and non-positive definite Gram matrices re-
quire additional preprocessing steps to arrive at a valid kernel. In this
approach, we extend prototype-based classification towards general dis-
similarity data resulting in a technology which (i) can deal with dissimi-
larity data characterized by an arbitrary symmetric dissimilarity matrix,
(ii) offers intuitive classification in terms of prototypical class represen-
tatives, and (iii) leads to state-of-the-art classification results.

Keywords: prototype-based classification, dissimilarity data, GLVQ.

1 Introduction

Machine learning has revolutionized the possibility to deal with large electronic
data sets by offering powerful tools to automatically extract a regularity from
given data. Rapid developments in modern sensor technologies, dedicated data
formats, and data storage continues to pose challenges to the field: on the one
hand, data often display a complex structure and a problem-specific dissimilar-
ity measure rather than the Euclidean metric constitutes the interface to the
given data. Examples include biological sequences, mass spectra, or metabolic
networks, where, e.g. complex alignment techniques, background information,
or general information theoretical principles drive the comparison of data points
[24,21,14]. These complex dissimilarity measures cannot be computed based on
a Euclidean embedding of data, and they often do not even fulfill the proper-
ties of a metric. On the other hand, the learning tasks become more and more
complex, such that the specific objectives and the relevant information are not
clear a priori. This leads to increasingly interactive systems which allow humans
to shape the objectives according to human insights and expert knowledge at
hand and to extract the relevant information on demand [29,1,7]. This princi-
ple requires intuitive interfaces to the machine learning technology which enable
humans to interpret the way in which decisions are taken by the system. Hence
these requirements lead to the necessity that machine learning techniques pro-
vide information which can directly be displayed to the human observer.

Albeit techniques such as the support vector machine (SVM) or Gaussian
processes provide efficient state-of-the-art techniques with excellent classification
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ability, it is often not easy to manually inspect the way in which decisions are
taken. Hence, it is hardly possible to visualize its decisions to domain experts in
such a way that the results can be interpreted and relevant information can be
inferred based thereon. The same argument, although to a lesser degree, is valid
for alternatives such as the relevance vector machine or sparse models which,
though representing decisions in terms of sparse vectors or class representatives,
typically still rely on complex nonlinear combinations of several terms [30,5].

Dissimilarity- or similarity-based machine learning techniques such as nearest
neighbor classifiers rely on distances of given data to known labeled data points.
Hence it is usually very easy to visualize their decision: the closest data point
or a small set of closest points can account for the decision, and this set can
directly be inspected by experts in the same way as any data point. Because of
this simplicity, (dis)similarity techniques enjoy a large popularity in application
domains, whereby the methods range from simple k-nearest neighbor classifiers
up to advanced techniques such as affinity propagation (AP) which represents a
clustering in terms of typical exemplars [16,10].

(Dis)similarity-based techniques can be distinguished by different criteria: (i)
The number of data points used to represent the classifier, ranging from dense
models such as k-nearest neighbor to sparse representations such as prototype-
based methods. To arrive at easily interpretable models, a sparse representation
in terms of few data points is necessary. (ii) The degree of supervision, ranging
from clustering techniques such as AP to supervised learning. Here we are inter-
ested in classification techniques, i.e. supervised learning. (iii) The complexity
of the dissimilarity measure the methods can deal with, ranging from vectorial
techniques restricted to Euclidean spaces, adaptive techniques which learn the
underlying metrics, up to tools which can deal with arbitrary (dis)similarities
[27,25]. Typically, Euclidean techniques are well suited for simple classification
scenarios, but fail if high-dimensionality or complex structures are encountered.

Learning vector quantization (LVQ) constitutes one of the few methods to
infer a sparse representation in terms of prototypes from a given data set in a
supervised way [16], such that it offers a good starting point as an intuitive clas-
sification technique which decisions can directly be inspected by humans. Albeit
original LVQ has been introduced on somewhat heuristic grounds [16], recent
developments in this context provide a solid mathematical derivation of its gen-
eralization ability and learning dynamics: explicit large margin generalization
bounds of LVQ classifiers are available [8,27]; further, the dynamics of LVQ type
algorithms can be derived from cost functions which model the classification
accuracy referring to the hypothesis margin or a statistical model, for example
[27,28]. Interestingly, already the dynamics of simple LVQ as proposed by Koho-
nen provably leads to surprisingly good generalization curves when investigated
in the framework of the theory of online learning [3].

When dealing with modern application scenarios, one of the largest draw-
backs of LVQ type classifiers is their dependency on the Euclidean metric. Be-
cause of this, LVQ is not suited for complex or heterogeneous data sets where
input dimensions have different relevance or where high dimensionality leads to
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accumulated noise disrupting the classification. This problem can partially be
avoided by metric learning, see e.g. [27], or by kernel variants, see e.g. [25], which
turn LVQ classifiers into state-of-the-art techniques e.g. with humanoid robotics
or computer vision [9,15]. However, if data are inherently non-Euclidean, these
techniques cannot be applied. In modern applications, data are often addressed
using dedicated non-Euclidean dissimilarities such as dynamic time warping for
time series, alignment for symbolic strings, the compression distance to compare
sequences based on an information theoretic ground, and similar [6].

In this contribution, we propose an extension of generalized LVQ
(GLVQ) [26,27] to general dissimilarity data; GLVQ being a popular LVQ-type
algorithm derived from a cost function which is related to the hypothesis mar-
gin. This way, the technique becomes directly applicable for data sets which
are characterized in terms of a symmetric dissimilarity matrix only. The key
ingredient is taken from recent approaches in the unsupervised domain [13,23]:
if prototypes are represented implicitly as linear combinations of data in the so-
called pseudo-Euclidean embedding or, more generally, a so-called Krein space
(see [23, p.77]), the relevant distances of data and prototypes can be computed
without an explicit reference to a vectorial representation. This principle holds
for every symmetric dissimilarity matrix and thus, allows us to formalize a valid
objective of GLVQ for dissimilarity data, which we refer to as relational GLVQ
since it deals with data characterized by pairwise relations. Based on this obser-
vation, optimization can be performed using gradient techniques. Interestingly,
the results are comparable to the state-of-the-art, but GLVQ additionally offers
an intuitive interface in terms of prototypes [6].

Due to its dependency on the dissimilarity matrix, relational GLVQ has
squared complexity, the computation of the dissimilarities often constituting
the bottleneck in applications. By integrating approximation techniques [31],
the effort can be reduced to linear time methods. We demonstrate the feasibility
of this approach with the popular SWISSPROT protein data base [4].

2 Generalized Learning Vector Quantization

In the classical vectorial setting, data xi ∈ Rn, i = 1, . . . ,m, are given. Proto-
types wj ∈ Rn, j = 1, . . . , k decompose data into receptive fields R(wj) := {xi :
∀k d(xi,wj) ≤ d(xi,wk)} based on the squared Euclidean distance d(xi,wj) =
‖xi −wj‖2 . The goal of prototype-based machine learning techniques is to find
prototypes which represent a given data set as accurately as possible. For su-
pervised learning, data xi are equipped with class labels c(xi) ∈ {1, . . . , L}.
Similarly, every prototype is equipped with a priorly fixed label c(wj). A data
point is classified according to the class of its closest prototype. The classifica-
tion error of this mapping is given by the term

∑
j

∑
xi∈R(wj) δ(c(x

i) 
= c(wj))
with the delta function δ. This cost function cannot easily be optimized explic-
itly due to vanishing gradients and discontinuities. Therefore, LVQ relies on a
reasonable heuristic by performing Hebbian updates of the prototypes, given
a data point [16]. Recent alternatives derive similar update rules from explicit
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cost functions which are related to the classification error, but display better
numerical properties such that efficient optimization is possible [27,26,28].

Generalized LVQ [26] is derived from a cost function which can be related to
the generalization ability of LVQ classifiers [27]:

EGLVQ =
∑
i

Φ

(
d(xi,w+(xi))− d(xi,w−(xi))

d(xi,w+(xi)) + d(xi,w−(xi))

)
where Φ is a differentiable monotonic function such as the hyperbolic tangent,
and w+(xi) refers to the prototype closest to xi with the same label as xi,
w−(xi) refers to the closest prototype with a different label. Hence, the contri-
bution of a data point to these costs is small if and only if the closest correct
prototype is much closer than the closest incorrect one, resulting in a correct
classification and, at the same time, aiming at a large hypothesis margin, i.e., a
good generalization ability.

A learning algorithm can be derived thereof by means of standard gradient
techniques. After presenting data point xi, its closest correct and wrong proto-
type, respectively, are adapted according to the rules:

Δw+(xi) ∼ − Φ′(μ(xi)) · μ+(xi) · ∇w+(xi)d(x
i,w+(xi))

Δw−(xi) ∼ Φ′(μ(xi)) · μ−(xi) · ∇w−(xi)d(x
i,w−(xi))

where

μ(xi) =
d(xi,w+(xi)) − d(xi,w−(xi))

d(xi,w+(xi)) + d(xi,w−(xi))
,

μ+(xi) =
2 · d(xi,w−(xi))

(d(xi,w+(xi)) + d(xi,w−(xi))2
,

μ−(xi) =
2 · d(xi,w+(xi)

(d(xi,w+(xi)) + d(xi,w−(xi))2
.

For the squared Euclidean norm, the derivative yields ∇wjd(xi,wj) = −2(xi −
wj), leading to Hebbian update rules of the prototypes according to the class
information. GLVQ constitutes one particularly efficient method to adapt the
prototypes according to a given labeled data set. Alternatives can be derived
based on a labeled Gaussian mixture model, see e.g. [28]. Since the latter can be
highly sensitive to model meta-parameters [3], we focus on GLVQ.

3 Dissimilarity Data

We assume that data xi are characterized by pairwise dissimilarities dij =
d(xi,xj). D refers to the corresponding dissimilarity matrix. We assume symme-
try dij = dji and zero diagonal dii = 0. However, D need not be Euclidean, i.e. it
is not guaranteed that vectors (xi,xj) can be found with dij = ‖xi − xj‖2. For
every such dissimilarity matrix D, an associated similarity matrix is induced by
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S = −JDJ/2 where J = (I − 11t/n) with identity matrix I and vector of ones
1. D is Euclidean if and only if S is positive semidefinite (pdf in the following).
In general, p eigenvectors of S have positive eigenvalues and q have negative
eigenvalues, (p, q, n− p− q) is referred to as the signature.

For kernel methods such as SVM, a correction of the matrix S is necessary to
guarantee pdf. Two techniques are very popular: the spectrum of the matrix S
is changed, possible operations being clip (negative eigenvalues are set to 0), flip
(absolute values are taken), or shift (a summand is added to all eigenvalues).
Interestingly, some operations such as shift do not affect the location of local op-
tima of important cost functions such as the quantization error [18], albeit the
transformation can severely affect the performance of optimization algorithms
[13]. As an alternative, data points can be treated as vectors which coefficients
are given by the pairwise similarity. These vectors can be processed using stan-
dard kernels. In [6] an extensive comparison of these preprocessing methods in
connection to SVM is performed for a variety of benchmarks.

Alternatively, one can directly embed data in the pseudo-Euclidean vector
space determined by the eigenvector decomposition of S. A symmetric bilinear
form is induced by 〈x,y〉p,q = xtIp,qy where Ip,q is a diagonal matrix with p
entries 1 and q entries −1. Taking the eigenvectors of S together with the square
root of the absolute value of the eigenvalues, we obtain vectors xi in pseudo-
Euclidean space such that dij = 〈xi − xj ,xi − xj〉p,q holds for every pair of
data points. If the number of data is not limited a priori, a generalization of this
concept to Krein spaces with according decomposition is possible [23, p.77].

Vector operations can be directly transferred to the pseudo-Euclidean space,
i.e. we can define prototypes as linear combinations of data in this space. Hence,
we can perform techniques such as GLVQ explicitly in pseudo-Euclidean space
since it relies on vector operations only. One problem of this explicit transfer is
given by the computational complexity of the embedding which is O(n3), and,
further, the fact that out-of-sample extensions to new data points characterized
by pairwise dissimilarities are not immediate. Because of this fact, we are in-
terested in efficient techniques which implicitly refer to this embedding only. As
a side effect, such algorithms are invariant to coordinate transforms in pseudo-
Euclidean space. The key assumption is to restrict prototype positions to linear
combinations of data points of the form

wj =
∑
i

αjix
i with

∑
i

αji = 1 .

Since prototypes are located at representative points in the data space, this is
reasonable. Then dissimilarities can be computed implicitly by means of

d(xi,wj) = [D · αj ]i −
1

2
· αt

jDαj

where αj = (αj1, . . . , αjn) refers to the vector of coefficients describing the pro-
totype wj implicitly, as shown in [13].

This observation constitutes the key to transfer GLVQ to relational data.
Prototype wj is represented implicitly by means of the coefficient vectors αj
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and distances are computed by means of these coefficients. The corresponding
cost function of relational GLVQ (RGLVQ) becomes:

ERGLVQ =
∑
i

Φ

(
[Dα+]i − 1

2 · (α+)tDα+ − [Dα−]i +
1
2 · (α−)tDα−

[Dα+]i − 1
2 · (α+)tDα+ + [Dα−]i − 1

2 · (α−)tDα−

)
,

where as before the closest correct and wrong prototype are referred to, now
in terms of the corresponding coefficients α+ and α−, respectively. A simple
stochastic gradient descent leads to adaptation rules for the coefficients α+ and
α− in relational GLVQ: component k of these vectors is adapted as

Δα+
k ∼ − Φ′(μ(xi)) · μ+(xi) ·

∂
(
[Dα+]i − 1

2 · (α+)tDα+
)

∂α+
k

Δα−
k ∼ Φ′(μ(xi)) · μ−(xi) ·

∂
(
[Dα−]i − 1

2 · (α−)tDα−)
∂α−

k

where μ(xi), μ+(xi), and μ−(xi) are as above. The partial derivative yields

∂
(
[Dαj ]i − 1

2 · αt
jDαj

)
∂αjk

= dik −
∑
l

dlkαjl

Naturally, alternative gradient techniques can be used. After every adaptation
step, normalization takes place to guarantee

∑
i αji = 1. We also restrict the

possible prototype positions to the convex hull of the data by enforcing all αji ≥ 0
in every iteration. This way, a learning algorithm which adapts prototypes in
a supervised manner similar to GLVQ is given for general dissimilarity data,
whereby prototypes are implicitly embedded in pseudo-Euclidean space. The
prototypes are initialized as random vectors corresponding to random values αij

which sum to one. It is possible to take class information into account by setting
all αij to zero which do not correspond to the class of the prototype. Out-
of-sample extension of the classification to new data is possible based on the
following observation [13]: for a novel data point x characterized by its pairwise
dissimilarities D(x) to the data used for training, the dissimilarity of x to a
prototype αj is d(x,wj) = D(x)t · αj − 1

2 · αt
jDαj .

Interpretability and Speed-Up

Relational GLVQ extends GLVQ to general dissimilarity data. Unlike Euclidean
GLVQ, it represents prototypes indirectly by means of coefficient vectors which
are not directly interpretable since they correspond to typical positions in pseudo-
Euclidean space. However, because of their representative character, we can ap-
proximate these positions in pseudo-Euclidean space by their respective closest
exemplars, i.e. data points originally contained in the training set. Unlike proto-
types, these exemplars can be directly inspected. We refer to such an approxima-
tion as K-approximation if a prototype is substituted by its K closest exemplars,
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the latter being directly accessible to humans. We will see in experiments that the
resulting classification accuracy is still quite good for small valuesK in {1, . . . , 5},
and we present an example showing the interpretability of the result. We refer to
results obtained by a K-approximation by the subscript RGLVQK .

In addition, RGLVQ (just as SVM) depends on the full dissimilarity matrix
and thus displays quadratic computational and memory complexity. Depending
on the chosen dissimilarity, the main computational bottleneck is given by the
calculation of the dissimilarity matrix itself. Alignment of biological sequences,
for example, is quadratic in the sequence length (linear, if approximations such
as FASTA are used), such that a computation of the full dissimilarities for about
11,000 data points (the size of the Swissprot data set as considered below) would
already lead to a computation time of more than eight days (Intel Xeon Quad-
Core 2.5 GHz, alignment done by Smith-Waterman) and a storage requirement
of about 500 Megabyte, assuming double precision. The Nyström approximation
as introduced in [31] allows for an efficient approximation of a kernel matrix by
a low rank matrix. This approximation can directly be transferred to dissim-
ilarity data. The basic principle is to pick M representative landmarks which
induce the rectangular sub-matrix DM,m of dissimilarities of data points and
landmarks. This matrix is of linear size, assuming M is fixed. The full matrix
can be approximated in an optimum way in the form D ≈ Dt

M,mD−1
M,MDM,m

where DM,M is the rectangular sub-matrix of D. The computation of D−1
M,M is

O(M3) instead of O(m2) for the full matrix D. The resulting approximation is
exact if M corresponds to the rank of D. For 10% landmarks, computing DM,M

instead of D leads to a speed-up factor of 50, i.e. given 11, 000 sequences, it can
be computed in less than two hours instead of eight days. The storage capac-
ity reduces to 4.5 Megabytes as compared to 500 Megabytes in this case. Note
that the Nyström approximation can be directly integrated into the distance
computation of relational GLVQ in such a way that the overall training com-
plexity is linear instead of quadratic. We refer to results obtained by a Nyström
approximation by the superscript RGLVQν . We use 10% landmarks by default.

4 Experiments

We evaluate relational GLVQ for several benchmark data sets characterized by
pairwise dissimilarities. These data sets have been used extensively in [6] to
evaluate SVM classifiers for general dissimilarity data. Since SVM requires a pdf
matrix, appropriate preprocessing has been done in [6]: flip, clip, shift, and vec-
torial representation together with the linear and Gaussian kernel, respectively,
is used in conjunction with a standard SVM. In addition, we consider a few
benchmarks from the biomedical domain. The data sets are as follows:

1. Amazon47 consisting of 204 data points from 47 classes, representing books
and their similarity based on customer preferences. The similarity matrix S
was symmetrized and transferred by means of D = exp(−S), see [18].

2. Aural Sonar consists of 100 signals with two classes (target of inter-
est/clutter), representing sonar signals with dissimilarity measures according
to an ad hoc classification of humans.
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3. The Cat Cortex data set consists of 65 data points from 5 classes. The data
originate from anatomic studies of cats’ brains. The dissimilarity matrix
displays the connection strength between 65 cortical areas. A preprocessed
version as presented in [12] was used.

4. The Copenhagen Chromosomes data set constitutes a benchmark from cy-
togenetics [19]. A set of 4,200 human chromosomes from 21 classes (the
autosomal chromosomes) are represented by grey-valued images. These are
transferred to strings measuring the thickness of their silhouettes. These
strings are compared using edit distance [22].

5. Face Recognition consists of 945 samples with 139 classes, representing faces
of people, compared by the cosine similarity.

6. Patrol consists of 241 data points from 8 classes, corresponding to seven
patrol units (and non-existing persons, respectively). Similarities are based
on clusters named by people.

7. Protein consists of 213 data from 4 classes, representing globin proteins com-
pared by an evolutionary dissimilarity measure.

8. The SwissProt data set consists of 10,988 samples of protein sequences in 32
classes taken as a subset from the SwissProt database [4]. The considered
subset of the SwissProt database refers to the release 37 mimicking the set-
ting as proposed in [17]. The full dataset consists of 77,977 protein sequences.
The 32 most common classes such as Globin, Cytochrome a, Cytochrome b,
Tubulin, Protein kinase st, etc. provided by the Prosite labeling [11] where
taken leading to 10,988 sequences. We calculate a similarity matrix based on
a 10% Nyström approximation. These sequences are compared using exact
Smith-Waterman. This database is the standard source for identifying and
analyzing protein measurements such that an automated sparse classifica-
tion technique would be very desirable. A detailed analysis of the prototypes
of the different protein sequences opens the way towards an inspection of
typical biochemical characteristics of the represented data.

9. The Vibrio data set consists of 1,100 samples of vibrio bacteria populations
characterized by mass spectra. The spectra contain approx. 42,000 mass po-
sitions. The full data set consists of 49 classes of vibrio-sub-species. The mass
spectra are preprocessed with a standard workflow using the BioTyper soft-
ware [21]. As usual, mass spectra display strong functional characteristics
due to the dependency of subsequent masses, such that problem adapted
similarities such as described in [2,21] are beneficial. In our case, similarities
are calculated using a specific similarity measure as provided by the Bio-
Typer software[21]. The Vibrio similarity matrix S has a maximum score of
3. The corresponding dissimilarity matrix is obtained as D = 3− S.

10. Voting contains 435 samples in 2 classes, representing categorical data com-
pared based on the value difference metric.

As pointed out in [6], these matrices cover a diverse range of different characteris-
tics such that they constitute a well suited test bench to evaluate the performance
of algorithms for similarities/dissimilarities. In addition, benchmarks from the
biomedical domain have been added, which constitute interesting applications
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per se. All datasets are non-Euclidean, the signatures can be found in Tab. 1.
For every data set, we used a number of prototypes which corresponds to the
number of classes, representing every class by only few prototypes relating to
the choices as taken in [13], see Tab. 1. The evaluation of the results is done
by means of the classification accuracy obtained on the test set in a ten-fold
repeated cross-validation with ten repeats (two-fold cross-validation for Swis-
sprot). Classes are reasonably balanced in the data sets, the largest observed
difference in class sizes being 26% of the total number of data points. For this
reason, and to maintain comparability with [6], we consider the classification
accuracy to be an appropriate evaluation measure. For comparison, we report
the results of a SVM after appropriate preprocessing of the dissimilarity matrix
to guarantee a pdf kernel [6]. In addition, we report the results of a powerful
unsupervised exemplar-based technique, AP [10], which optimizes the quantiza-
tion error for arbitrary similarity matrices based on a message passing algorithm
for a corresponding factor graph representation of the cost function. Here the
classification is obtained by posterior labeling. For relational GLVQ, we train
the standard technique for the full dissimilarity matrix, and we compare the
result to the sparse models obtained by a K-approximation with K ∈ {1, 3} and
a Nyström approximation of the dissimilarity matrix using 10% of the training
data. The mean classification accuracies are reported in Tab. 2 and Tab. 1.

Interestingly, in all cases but one (the almost Euclidean data set proteins), re-
sults are comparable to SVM taking the respective best preprocessing as reported
in [6]. Unlike SVM, relational GLVQ makes this preprocessing superfluous. In
contrast, SVM requires preprocessing to guarantee pdf, leading to divergence or

Table 1. Results of prototype-based classification by means of relational GLVQ in com-
parison to SVM with pdf preprocessing and an SMO implementation and in comparison
to AP with posterior labeling for diverse dissimilarity data sets. The classification accu-
racy obtained in a repeated ten-fold cross-validation with ten repeats is reported (only
two-fold for Swissprot), the standard deviation is given in parenthesis. SVM results
marked with ∗ are taken from [6]. The number of prototypes used for RGLVQ and
AP as well as the characteristic of the dissimilarity matrix are included. For SVM, the
respective best and worst result using the different preprocessing mechanisms clip, flip,
shift, and similarities as features with linear and Gaussian kernel are reported.

RGLVQ AP SVM Signature # Prototypes

Aural Sonar 88.4 (1.6) 68.5 (4.0) 87.00 - 85.75∗ (54,45,1) 10
Amazon47 81.0 (1.4) 75.9 (0.9) 82.20 - 74.4 (136,68,0) 94
Cat Cortex 93.0 (1.0) 80.4 (2.9) 95.00 - 72.00 (41,23,1) 12
Chromosome 92.7 (0.2) 89.5 (0.6) 95.10 - 92.20 (1951,2206,43) 63
Face rec. 96.4 (0.2) 95.1 (0.3) 96.08 - 95.71∗ (311,310,324) 139
Patrol 84.1 (1.4) 58.1 (1.6) 61.25 - 57.81∗ (173,67,1) 24
Protein 92.4 (1.9) 77.1 (1.0) 98.84 - 97.56∗ (218,4,4) 20
SwissProt 81.6 (0.1) 82.6 (0.3) 82.10 - 78.00 (8488,2500,0) 64
Vibrio 100 (0.0) 99.0 (0.0) 100 (573,527,0) 49
Voting 94.6 (0.5) 93.5 (0.5) 95.11 - 94.48∗ (105,235,95) 20
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Table 2. Results of the relational GLVQ obtained in a repeated ten-fold cross-
validation using the full dissimilarity matrix and prototype representation and ap-
proximations of the matrix by means of Nyström and approximation of the prototype
vectors by means of K-approximations, respectively.

RGLVQ RGLVQ1 RGLVQ3 RGLVQν RGLVQν
1 RGLVQν

3

Aural Sonar 88.4 (1.6) 78.7 (2.7) 86.4 (2.7) 86.4 (0.8) 79.7 (2.6) 84.3 (2.6)
Amazon47 81.0 (1.4) 67.5 (1.4) 77.2 (1.0) 81.4 (1.1) 66.2 (2.6) 77.7 (1.2)
Cat Cortex 93.0 (1.0) 81.8 (3.5) 89.6 (2.9) 92.2 (2.3) 79.8 (5.5) 89.5 (2.8)
Chromosome 92.7 (0.2) 90.2 (0.0) 91.2 (0.2) 78.2 (0.4) 84.4 (0.4) 86.3 (0.2)
Face rec. 96.4 (0.2) 96.8 (0.2) 96.8 (0.1) 96.4 (0.2) 96.6 (0.3) 96.7 (0.2)
Patrol 84.1 (1.4) 51.0 (2.0) 69.0 (2.5) 85.6 (1.5) 52.7 (2.3) 72.0 (3.7)
Protein 92.4 (1.9) 69.6 (1.7) 79.4 (2.9) 55.8 (2.8) 64.1 (2.1) 54.9 (1.1)
Vibrio 100 (0.0) 99.0 (0.1) 99.0 (0) 99.2 (0.1) 99.9 (0.0) 100 (0.0)
Voting 94.6 (0.5) 93.7 (0.5) 94.7 (0.6) 90.5 (0.3) 89.5 (0.9) 89.6 (0.9)

very bad classification accuracy otherwise. Further, different preprocessing can
lead to very diverse accuracy as shown in Tab. 1, no single preprocessing being
universally suited for all data sets. Thus, these results seem to substantiate the
finding of [18] that preprocessing of a non pdf Gram matrix can influence the
classification accuracy. Further, an improvement of the classification accuracy
as compared to the state-of-the-art unsupervised prototype-based technique AP
(using the same number of prototypes) can be observed, which is statistically
significant in all cases (according to a two-sided t-test with a 5% significance
level). This shows the benefits of including supervision in the training objective
if classification is the goal.

Unlike for SVM which is based on support vectors in the data set, solutions
are represented as typical prototypes. Similar to AP, these prototypes can be
approximated by K nearest exemplars representing the classification explicitly
in terms of few data points instead of prototypes. See Fig. 1 for an inspection
of a typical exemplar for the Vibrio data set. As can be seen from Tab. 2, a
3-approximation leads to a loss in accuracy of more than 5% in only two cases.
Interestingly, a 3-approximation of a prototype-based classifier for the Swissprot
benchmark even leads to an increase of the accuracy from 81.6 to 84.0.

As a further demonstration, we show the result of RGLVQ trained to classify
84 e-books from to 4 different authors; data are taken from the Project Gutenberg
(www.gutenberg.org). One prototype per class is used with 3-approximation for
visual inspection. Data are compared by the normalized compression distance.
In Fig. 2, books and representative exemplars found by RGLVQ3 are displayed
in 2D using t-distributed stochastic neighbor embedding (t-SNE) [20]. While SVM
leads to a classification accuracy of more than 95% (like RGLVQ), it picks almost
all data points as support vectors, i.e. no direct interpretation is possible.

The Nyström approximation offers a linear time and space approximation of
relational GLVQ performed on the full matrix. The decrease in accuracy due to
this approximation is documented in Tab. 2 for all except the Swissprot data
set – since the computation of the full dissimilarity matrix for the Swissprot
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Fig. 1.White box analysis of RGLVQ. The prototype (straight line) represents the class
of the test spectrum (dashed line). The prototype is labeled as Vibrio Anguillarum. It
shows high symmetry to the test spectrum and the similarity of matched peaks (zoom
in) highlights good agreement by bright gray shades, indicating the local error of the
match. The prototype model allows direct identification and scoring of matched and
unmatched peaks, which can be assigned to its mass to charge (m/c) positions, for
further biochemical analysis.

Fig. 2. Visualization of e-books and typical exemplars found by RGLVQ3

data set would require more than 8 days on a standard PC, we used a Nyström
approximation right from the beginning for Swissprot. The quality of the ap-
proximation depends on the rank of the dissimilarity matrix. Thus, the results
differ a lot depending on the characteristics of the eigenvalue spectrum for the
data. Interestingly, it seems possible in more than half of the cases to substitute
full relational GLVQ by this linear complexity approximation without much loss
of accuracy.
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5 Conclusions

We have presented an extension of generalized learning vector quantization to
non-Euclidean data sets characterized by symmetric pairwise dissimilarities by
means of an implicit embedding in the pseudo-Euclidean space and a corre-
sponding extension of the cost function of GLVQ to this setting. As a result, a
very powerful learning algorithm can be derived which, in most cases, achieves
results which are comparable to SVM but without the necessity of according pre-
processing and with direct interpretability of the classification in terms of the
prototypes and their corresponding exemplars in a K-approximation. As a first
step to an efficient linear approximation, the Nyström technique has been tested
leading to promising results in a number of benchmarks, particularly making the
technology feasible for relevant large databases such as the Swissprot data base.
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Abstract. In this work we employ ensemble classifiers for the problem of
nonintrusive appliance load monitoring. In practical scenarios the ques-
tion arises how to efficiently and automatically learn statistical models
for appliance recognition, which is an important step for various prob-
lems in process recognition, healthcare, and energy consulting. This work
is an application study that analyzes multi-class support vector machines
(SVMs), and K-nearest neighbors (KNN) in the problem domain of au-
tomatically recognizing appliances. By combining two types of classifiers
with varying parameterizations to ensembles, we reduce the classification
error, and increase the robustness of the classifier. In the experimental
part we consider a field study with household appliances, and compare
the classifiers w.r.t. various training set and neighborhood sizes. It turns
out that the ensembles belong to the best classifiers in all training set
scenarios.

Keywords: Ensemble classifiers, support vector machines, k-nearest
neighbors, appliance recognition, NIALM.

1 Introduction

Nonintrusive appliance load monitoring (NIALM, cf. [9]) is the recognition of
changes in voltage and current in households for recognition of appliances, and
energy consumption. In a smart grid, NIALM can be used for a variety of problem
classes. Three examples are:

– Energy management and consulting. The improvement of energy-efficiency
for everyday processes is an important task. But it affords the recognition
of usage habits of appliances, e.g., to answers questions like which appliance
is used when and how often.

– Assistance systems for humans in healthcare scenarios. Monitoring of every-
day activities of old needy or disabled humans via the usage of appliances
allows the recognition of alert states, and emergency situations.

– Load forecasting. Load forecasting of appliances allows to balance energy
systems. Balancing authorities have to consider produced and consumed en-
ergy, in particular in distributed smart grid scenarios with volatile renewable
energy resources. Appliance recognition is the first step of a many load fore-
casting systems.
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It is well-known that no superior classifier for every recognition task exists. En-
semble classifiers solve this problem taking into account the classification results
of more than one classifier. The hybridization of techniques from computational
intelligence turns out to be a very successful strategy in real-world problems
[1,4,5], e.g., in optimization (hybrid meta-heuristics), or in classification (ensem-
ble classifiers). In this work we introduce SVM- and KNN-ensemble classifiers
for the NIALM problem. The ensembles are hybrids of local nearest neighbor
classifiers that are based on averaging labels in the neighborhood of unknown
patterns, and the global SVMs that make use of separating hyperplanes. Due
to their specialization the hybridization of both methods seems to be appealing
from a theoretical perspective. Taking advantage of both worlds becomes very
relevant for practical scenarios, in particular in appliance recognition, where
training set sizes and pattern dimensionalities might vary significantly. Training
sets are often very limited due to time and budget constraints, and are at the
same time not balanced (different number of patterns for different classes). The
following research questions arise: (1) What is the classification performance of
SVMs and KNN in load-based appliance recognition tasks for our electricity fea-
ture set, (2) do ensemble classifiers improve the classification results in terms of
accuracy and robustness, and (3) what is the size of a minimal training set for
classification?

In Section 2 we review related work in NIALM, and ensemble classifiers. In
Section 3 we describe the data acquisition process, and the feature preprocess-
ing steps. Section 4 introduces the ensemble classifiers, starting with a short
introduction to the basic classifiers SVM, and KNN. In Section 5 we present an
experimental study on a real-world data set of appliance load measurements.
Last, Section 6 summarizes the results, and gives an overview of prospective
future work.

2 Related Work

NIALM. Nonintrusive load monitoring of appliances has a long tradition since
the mid-nineties, see Hart [9], who introduced an approach able to recognize
appliances as of 150 Watt considering a continuous signal with 1 Hz sample rate.
Patel et al. [13] employed SVMs for the recognition of 19 appliances, and achieved
an accuracy rate of 85−90%. Recently, Lin and Tsai [11] proposed a nonintrusive
load monitoring system based on hierarchical SVMs decomposing the multi-class
problem into a series of binary classification problems. The approach is based on
transient features from electricity waveforms. Further classification methods have
been employed in the past. Chang et al. [3] apply back propagation, and learning
vector quantization to load monitoring. The selection of appropriate features
has an important part to play for successful recognition processes. Evolutionary
approaches have been employed for feature selection [2] in load monitoring.
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Ensemble Classifiers. Ensemble classifiers have been proposed to improve the
performance of classifiers by combing multiple predictions [12,16]. Homogeneous
ensemble classifiers consist of the same type of classifier with varying param-
eterizations or training data, while heterogenous ensemble classifiers combine
different learning algorithms (cf. [15]). Boosting is the technique to aggregate
multiple weak learners to a strong classifier (cf. [10]). Ensemble classifiers have
successfully been applied in various applications, e.g., text classification [7]. To
the best of our knowledge, ensemble classifiers have not been applied to NIALM
problems yet, although they appear to be very attractive in scenarios of varying
training sets in terms of size, balance, and number of dimensions.

3 Data Acquisition and Feature Computation

Before we introduce the hybrid classifier we introduce the data our experimental
study is based on. We employ a data set that contains measurements of everyday
appliances that are turned on and off. We use two data sets, see Appendix A:
(1) The install data set consists of 120 patterns that have manually been recorded
and labeled at the beginning of the field study, when the system was installed.
This data set serves as minimal training set, and is consequently very important
for practical scenarios, e.g., for calibration of a novel system. It is balanced, i.e.,
the number of patterns for each class is approximately equal. (2) The electrical
data of the field study consists of patterns that have been recorded in a household
test environment, and a study that lasted approximately one month. We used
motion sensors in every room of the test environment to facilitate the manual
labeling of the data.

(a) (b)

Fig. 1. Visualization of the field study data space, different classes are shown in different
colors: (a) features F1, F2 and F3, and (b) features F1, F3 and F4. Some patterns are
accumulated in a small part of data space, others are scattered in a larger part of data
space.
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Based on the measurement of electrical parameters (voltage Ueff(t), amperage
Ieff(t), and phase angle ϕ(t)) by a current sensor (with a sample rate of 5 Hz) that
was centrally installed in the fuse box, the active resistance R(t) is computed,
see Equation (1), which is usually constant for the same appliance in different
environments (that means different numbers of concurrently running appliances
at a circuit):

R(t) :=
Ueff(t)

Ieff(t) · cosϕ(t)
=

U2
eff(t)

P (t)
, (1)

with power P (t). Based on resistance from the turn on event of an appliance,
the following features are extracted:

– mean resistance F1 := R of [Rt0+2, . . . Rtn ]
1,

– corresponding standard deviation F2 := σR from [Rt0+2, . . . Rtn ], and
– maximum phase of DFT: F3 := maxϕ of [Rt0+2, . . . , Rtn ].

From the turn off event the following feature is extracted:

– median resistance F4 := R of [Rtn , . . . Rtn−2 ].

Normalization did not have a significant influence on the experimental results
in Section 5. To summarize, for the experimental part we employ measurements
of 15 appliances that can be turned on and off, resulting in N = 2, 620 four-
dimensional patterns, and 30 different classes. Figure 1 shows a visualization
of the whole data set. The majority of the patterns is accumulated in a small
part of the data space. Few patterns are scattered around in data space (e.g. the
green spots), and are hence easier to separate. This also motivates the applica-
tion of ensemble classifiers employing techniques tailored to special data space
conditions.

4 Hybrid Classifier

In this section we introduce an ensemble classifier that hybridizes a multi-class
SVM and K-nearest neighbors for device recognition. SVMs are based on opti-
mizing a decision boundary in a feature space, while K-nearest nearbors is based
on aggregating labels of the closest patterns in data space. In the last part of
this section we introduce the hybridization of both methods.

4.1 Multi-class Support Vector Machines

Classification is the problem to predict discrete class labels y ∈ Y based on input
patterns x ∈ Rd, where Y is the discrete set of classes. The classification process
uses observations of the form T = ((x1, y1), . . . , (xN , yN )). Objective is to learn
a model that is able to predict the class labels for unknown data samples. It is

1 The first two values Rt0 , and Rt0+1 turned out to vary too much for the same
appliance, and are therefore left out.
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not easy to learn reliable predictions for all kinds of data sets. The data set may
be noisy, or classes may not be linearly separable, and difficult to separate with
simple rules or mathematical formulations.

SVMs have developed to strong methods for classification [14]. They are based
on maximization of the margin corresponding to the distance of a linear decision
boundary that classifies data samples x ∈ Rd into two classes. The hard mar-
gin SVM defines the linear decision boundary that correctly classifies all input
examples. The optimization problem becomes:

minimizew,b
1
2‖w‖2,w ∈ Rd, b ∈ R

subject to : yi(〈w,xi〉+ b) ≥ 1
for i = 1, . . . , N.

(2)

With kernel functions the problem can be transformed into a space where the
data samples can be separated with the decision boundary. Multi-class SVMs
arise as an extension of two-class SVMs in a one vs. all training process.

4.2 K-Nearest Neighbors

KNN is a technique with long tradition. Cover and Hart [6] investigated the
approach experimentally in the sixties. Interesting properties have been found,
e.g., that for K = 1, and N → ∞ KNN is bound by the Bayes error rate. For
an unknown pattern x′ KNN for classification predicts the class label of the
majority of the K-closest patterns in data space. The multi-class KNN-classifier
is defined as follows:

fKNN(x
′) := argmax

y∈Y

∑
i∈NK(x′)

I(yi = y) (3)

with set NK(x′) containing the indices of the K-nearest neighbors of x′, and
indicator function I(·) that returns one if its argument is true2, and zero oth-
erwise. The choice of a distance metric has an important part to play. As the
patterns in our recognition task are low-dimensional, we employ the Euclidean
distance.

4.3 Ensemble

SVMs are known to be advantageous in global scenarios, i.e., high-dimensions,
and sparse data [10], while KNN is known to be a local method, i.e. for low-
dimensional data spaces and a large number of training samples. Hence, the
hybridization of both classifiers is a reasonable undertaking in practical applica-
tions, where training set sizes, and numbers of features may vary. Algorithm 1
shows the pseudo-code of the ensemble classifier template that is the basis of the
classification process. The ensemble classifier gets the training set T as input.
For a pattern x′ to be classified each classifier fi ∈ f of the ensemble returns a

2 i.e., label yi of pattern xi is y.
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prediction. In our ensemble all classification results are aggregated to one label
with the same weight (also known as bootstrapping or bagging), employing a
majority vote. Let y ∈ Y be a class label. The ensemble classifier decision is
defined as follows:

fENS(x
′) = argmax

y∈Y

∑
fi∈f

I(fi(x′) = y) (4)

Like the multi-class KNN classifier it makes use of the indicator function I(·) to
count the number of classifiers that vote for each label, and choose the decision
of the most classifiers.The idea of a majority vote is that the majority corrects
potentially false decisions of the minority. If there is no reason to believe that
one of the classifiers achieves a better accuracy than the others, a majority vote
probably obtains the best predictive performance. This principle is employed in
Algorithm 1. We combine the classifiers to the following ensembles:

– ENS-SVM is an SVM ensemble classifier, which combines the SVM with
linear kernel, and the SVM with RBF-kernel,

– ENS-KNN combines three KNN classifiers with different neighborhood sizes,
i.e., K = 1, 5, and 7, and

– ENS* combines all five classifiers (SVMs with both kernels, and KNN with
three neighborhood sizes).

Algorithm 1: Ensemble Classifier Template

Require: Training set T , pattern x′, set of classifiers f , Request: fENS(x
′)

1: for fi in f do
2: compute fi(x

′)
3: end for
4: return fENS(x

′) = argmaxy∈Y
∑

fi∈f I(fi(x
′) = y)

5 Experimental Analysis

In the following, we experimentally analyze multi-class SVMs, and KNN for
appliance recognition, first for the install data set, then for the whole field study
data set.

5.1 Installation Data

In the first experimental setup we employ the small data set install as training
set, see first row of Table 1. The field study data is employed as test set. The
SVM with linear kernel, KNN with K = 1, and two of the ensemble methods
achieve a low error rate. An appliance recognition rate of over 92% is achieved,
which is probably sufficient for many practical scenarios. While the SVM with
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Table 1. Experimental results of the SVM, KNN and ensemble classifiers on the Lab-,
and the field study data set with varying training set sizes α (proportion of training
samples and the data set size). The lowest error rates are shown in bold, the second
best in italic numbers. The best classifier in each experiment gets two points, the second
best one point for the score.

training SVM SVM KNN KNN KNN ENS ENS ENS
set linear RBF K = 1 K = 5 K = 7 SVM KNN *

install 0.0787 0.4767 0.0883 0.2977 0.2927 0.0837 0.2739 0.0802

10−1 0.0526 0.0915 0.0652 0.0560 0.1430 0.0594 0.0560 0.0514
9−1 0.0480 0.0858 0.0606 0.0537 0.0697 0.0549 0.0526 0.0491
8−1 0.0480 0.0823 0.0629 0.0549 0.0663 0.0560 0.0514 0.0491
7−1 0.0480 0.0800 0.0617 0.0549 0.0617 0.0549 0.0480 0.0480
6−1 0.0491 0.0789 0.0629 0.0537 0.0629 0.0549 0.0469 0.0480
5−1 0.0480 0.0778 0.0606 0.0446 0.0491 0.0537 0.0469 0.0469
4−1 0.0491 0.0709 0.0594 0.0446 0.0480 0.0549 0.0469 0.0469
3−1 0.0514 0.0663 0.0606 0.0434 0.0480 0.0549 0.0503 0.0491
2−1 0.0457 0.0617 0.0617 0.0491 0.0434 0.0526 0.0457 0.0446
2 · 3−1 – 0.0572 0.0617 0.0400 0.0389 0.0572 0.0434 0.0446∑

score 9 0 0 6 5 0 7 11

linear kernel is the best classifier in this scenario, the SVM with RBF kernel
fails. We expect a strength of KNN in case of small training sets. The data set
install is obviously too small for the KNN classifiers; for K = 5, 7 error rates
larger than 25% have been achieved. The KNN ensemble also achieves high error
rates due to the results of both weak KNN variants. The other ensembles take
advantage of the strengths of the SVM with linear kernel, or KNN with K = 1.

5.2 Field Study Data

In the second experimental setup we analyze the classification error rate w.r.t.

the rate α = |T |
N of the size of the training set |T | and the data set size N . The

error rate is computed on a test set of size 1/3|T |. It can be observed that a
training set size of N = 262 (corresponding to 1/10th of the data) can achieve
an accuracy of up to ≈ 95% with the SVM-KNN-ensemble ENS*, and also with
the SVM with linear kernel. The best recognition rate (error 3.89%) is achieved
with KNN, and K = 7. For the SVM approach we can observe that a linear
kernel is better than an RBF kernel, and better than KNN with K = 5, 7 for
training sets smaller and equal to 6−1. But the SVM with linear kernel takes
significantly longer for training as of training set sizes larger than 5−1, and did
not terminate in case of 2 · 3−1. Obviously, with the (four) high-level features
KNN is sufficient, in particular, if the training set size is large.

Concerning the ensemble classifiers we can observe low error rates in the
majority of the experiments. The ensemble classifier ENS* that employs all five
classifiers turns out to be the algorithm with the most robust results. It is the
best or second best classifier in nine of eleven cases, which is also reflected by the
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highest sum of scores. Also the KNN ensemble classifier ENS-KNN achieves good
results on the field study data. The results are similar to KNN with K = 5, 7
(also the failure in case of the install data set, which cannot be compensated
by KNN with K = 1). The constantly good results of ENS* in comparison to
most other classifiers motivate the employment of the SVM-KNN ensemble in
practical scenarios. For small training sets the employment of SVMs with linear
kernel is a good recommendation.

5.3 Neighborhood Sizes of KNN

The question arises how to choose the neighborhood size K for the KNN clas-
sifiers, and also for the ENS* ensemble. Figure 2 shows the influence of K on
the error rate for the KNN classifier w.r.t. different training set sizes. In case of
KNN, see Figure 2(a), we can observe that neighborhood sizes around K = 4
and K = 5 are optimal for small training sets. On larger training sets (2−1) the
influence of the neighborhood sizes is less significant, which can be explained
as follows: If many patterns are available KNN can average over more training
samples without a deterioration of the classification error. In case of the en-
semble ENS* the neighborhood size of KNN is less important for both larger
training sets 3−1, and 2−1. The SVM classifiers compensate the negative effect
of too large neighborhoods. This is another motivation for the employment of
ensembles: bad parameterizations can be compensated.
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Fig. 2. Study of neighborhood size K w.r.t. training set size 5−1, 3−1, and 2−1 for
(a) KNN, and (b) ENS*. The neighborhood size has a significant influence on the
classification error in case of the KNN classifiers, but the effect is compensated in the
ensemble.

6 Conclusions

In this work we demonstrated how problems in load monitoring can be solved
with an ensemble of multi-class SVM and KNN classifiers with various neigh-
borhood sizes. Ensemble classifiers are well appropriate to solve this task as
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practical NIALM data sets are often unbalanced, vary in training set sizes, and
in the number of training samples. We compared the classifier ensembles to the
state-of-the-art classifiers in machine learning (SVMs). The experiments with
our ensemble classifiers on the electricity data of the experimental studies has
shown satisfying recognition results. The results confirmed the theoretical expec-
tations: SVMs are a good choice in case of small training sets, while KNN shows
its strengths on large training sets. We recommend to combine both worlds: KNN
that can adapt to any situation without assumptions about the data, but turns
out to be unstable in many situations (high variance and low bias), and SVMs
that are based on the assumption of linearity of the data, which is softened by
kernel functions and slack variables (low variance and high bias).

The ensemble classifiers turned out to be very robust. In particular, ENS*
that employs all five classifiers with a bagging majority vote achieves the best
and second best error rates in most of the experiments. The achieved robustness
and high recognition rates are important steps towards an efficient integrated
real-time approach of label retrieval and appliance recognition. As future work,
we plan to improve the recognition accuracy with semi-supervised support vector
approaches [8] taking into account a large set of unlabeled electricity data, which
is often available in practical scenarios.

A Test Sets

Table 2 shows the appliances that are part of the test data sets install, and of
the field study.

Table 2. List of 15 appliances of install data set, and the field study data set

# appliances # appliances # appliances

1 shelf light 6 table light, bedroom 11 ceiling lamp, bathroom
2 fridge 7 table light, TV 12 ceiling lamp, living room
3 bedside lamp 8 table light, door 13 ceiling lamp, corridor
4 desk lamp 9 kettle 14 ceiling lamp, bedroom
5 TV 10 mirror lamps 15 air conditioning
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Abstract. This paper presents a new routing algorithm based on Lee’s 
algorithm. The latter was developed with view to designing printed circuit 
boards (PCB). It can also be adapted for seeking collisionless routes for 
unmanned vehicles moving in an unknown environment. Such routes need to be 
updated on-the-fly, taking into account changes in the environment, e.g. moving 
obstacles, newly detected objects. The proposed algorithm uses results from the 
calculations carried out in the previous steps. Hence, computations in the 
following steps are only required for the areas that were subject to change. 
Tests showed that the presented route replanner is, on average, twice as fast as 
Lee’s algorithm. 

Keywords: path planning, map of obstacles, mobile platform motion system. 

1 Introduction 

One of the most important issues related to autonomous robotic mobile platformsis 
their ability of avoiding still and moving obstacles when navigating in an unknown 
environment. In the majority of such systems, e.g. mobile robots operating without an 
explicitly planned route, it is not possible to ensure obstacle map defined a priori. In 
such systems this information has to be discovered and updated in real time. To deal 
with problems of mobile platform operation in dynamically changing and usually 
unknown environments, the idea of path replanner was introduced. 

The map of the platform under motion should be updated in two ways. First, every 
time the new obstacles are encountered, they should be marked on the map.At the 
same time, the position of obstacles already detected must also be updated, according 
to the new platform localization. This has to be done in order to preserve spatial 
relationships between objects. Both updates should be performed in a short time, to 
ensure the accurate platform localization. The necessary computational speed will 
depend on such parameters as maximum platform speed and number of acquired 
frames per second. 

In this paper, a procedure for path planning, aimed for autonomous mobile 
platforms is presented. To provide a correct platform operation, the path should be 
recalculated every time a map is updated. Unfortunately, this approach is usually 
time-consuming. Therefore there is a need to improve the process of path planning, 
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e.g. by consideration of results obtained in the previous step before new objects are 
detected. To implement this solution, a novel approach based on Lee’s algorithm [1] 
is proposed. The experimental results show that the presented method is able to 
estimate a platform path in unknown indoor and outdoor environments such as 
corridors, office rooms or a parking lot. Moreover, the map calculation time is 
sufficiently short to ensure reliable and accurate platform localization. This work is 
the continuation of previously performed research, aimed at developing an obstacle 
avoidance procedure based on stereovision [2], including a fuzzy logic algorithm for 
motion control [3, 4]. 

2 Related Work 

There are many publications covering the topic of collissionless route planning. Most 
of them assume that the deployment of obstacles is known before the unmanned 
vehicle sets off [5, 6, 7].  The A* algorithm [8], by means of heuristics, outperforms 
the latter in terms of the computation burden. Still, the aforementioned algorithms are 
not able to make use of the calculations carried out in the previous steps. This 
handicap is resolved by Lifelong Planning A* [9], which is a tuned version of A*. 
The next examples are the D* and D* lite algorithm [10, 11] which use propagation 
waves for cells update.Neural networks of different architectures, a proved tool in 
pattern recognition [15], are also employed for path planning[12, 13, 14]. 

The experiments we performed already demonstrated that the proposed algorithms 
are efficient, though the computation time largely depends on the number of changes 
in the map. 

Lee’s algorithm [1], which was originally designed to route copper paths for 
printed circuit boards, can also be harnessed to plan routes for autonomous vehicles. 
The algorithm is simple and the incurred computation burden is small. However, as it 
does not use heuristics, is slower than A*. Lee’s algorithm can be improved by the 
possibility of using the calculation from the previous step as new objects are detected. 
This greatly reduces computation time. 

3 Lee’s Algorithm 

The algorithm is made up of two stages – the forward and backward stage. Fig. 1. 
shows the subsequent steps of the algorithm.  

In the forward stage, the map of obstacles is converted into a 2D table. Cells that 
represent the obstacles are marked with -1. The outset, i.e. the vehicle’s location, is 
represented by a cell that stores a value of 1. All other cells are unlabeled meaning the 
vehicle can move through these areas. The algorithm visits all adjacent neighbours of 
the starting point and assigns them the value of the starting point incremented by 
one.These cells are stored on the L list. In the next step, the algorithm looks for the 
neighbours of the previously considered cells (retrieved from the L list)and in the 
same manner assigns them valuesand add them to the L list. As every cell can be 
visited several times (from different neighbouring cells), it is essential to store the 
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smallest possible value, bearing in mind that the algorithm should look for the 
shortest path. From then onwards, the algorithm iterates until the destination point is 
found, in which case the algorithm executes the backward search. 

When the L list is empty and the destination point is not reached, it is not possible 
to find a path connecting the destination and the start point. 

In the backward stage, the algorithm travels from the destination point through 
cells with the smallest possible values until the starting point is reached. These cells 
create the shortest path for the vehicle. 

The algorithm needs to store the location of cells whose values have been changed. 
The list of such cells has to be sorted with respect to the cell’s value from smallest to 
largest. It is crucial to notice, that during expansion, the algorithm starts the analysis 
from a cell of the smallest value. Therefore, the newly added cells will be at the end 
of the sorted list, thus the list is automatically sorted. This is a big advantage of the 
algorithm since the process of sorting a list is time-consuming. In this case a simple 
FIFO queue suits the need. New cells are appended to the list and cells to be analyzed 
are taken from the queue head. 
 

 

Fig. 1. Subsequent steps of Lee’s algorithm. (a) Initialization. (b, c, d) Forward stage. (e, f) 
Backward stage. 
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Fig. 3. Detection of verges of the unlabeled. (a) Before update. (b) Verges detected. 

 
Fig. 4. Subsequent steps of the Lee replanner. (a) Map at time instant t-1. (b) Map at time 
instant t. (c) New path for time instant t. Case when a cell became free and a shorter path is 
possible (d) Map at time instant t-1. (e) Map at time instant t. (f) After expansion, before 
backward stage. Case when a cell was occupied and a new path had to be computed. 

Steps 1 through 3 are repeated when recomputing the path. New cells are added to 
the expansion list. These cells need to be added at the appropriate position in the list 
according to their values. The list has to be sorted from smallest to largest values. 
Therefore a FIFO queue cannot be applied in this context. The implementation of a 
sorted list would slow down the execution time of the algorithm. The profit from the 
computations performed in the previous steps would be lost. The problem is solved by 
using a table of queues denoted with q[x], whereby x is the largest possible value of a 
cell (e.g. for a 100x100 map, x would equal 10000). New cells are added to the list in 
the following manner:  
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[ ] )(.1 CpushVq −  . (1)

where: q – table of queues, C- cell to be appended, V – the value of a cell. 
The algorithm iterates through every address of the q[x] table to find a queue of 

non-zero length and retrieve from them subsequent cells. Hence, sorting can be 
avoided. Another improvement is to store the minimum and maximum address of 
non-empty queues. Therefore Lee’s algorithm does not need to waste time checking 
empty queues. 

Another difference lies in the expansion direction. In the considered algorithm, the 
expansion is executed towards the cell representing the vehicle. Therefore, the  
position change of the vehicle does not affect the calculations. 

5 Experimental Results 

The algorithm was tested in an autonomous vehicle, which moved around the rooms 
of the university and the parking lot. The map of obstacles was built on the base of 
stereoscopic pictures recorded by a camera [16] mounted on the moving vehicle. The 
process of building the obstacle map was presented in [2].  

The route calculations were performed on a 2.53GHz processor. The results are 
shown in Table 1, 2 and 3. The tables 1 and 2show a comparison,of computation time 
and number of cells that were processed, with the competitive Lifelong Planning A* 
algorithm [9].Table 3 shows average path length and average number of modified 
cells.  The presented results concerns experiments in the university building, although 
similar results were observed in the parking lot. 

The path determined by original Lee’s and modified Lee’s replanner algorithm at 
time instant t is the same. The path created by the Lifelong Planning A* algorithm is 
very similar to the one calculated by the aforementioned algorithms. The lengths of 
obtained paths differed by less than 5%. Thus pathsestimated by all tested algorithms 
were similar considering both their lengths and shapes as well. 

Tests were repeated many times with different sizes of cells and various obstacles 
location.  

Pictures 5a, 6a and 7a present photos captured by the stereo camera during the 
trials. Pictures 5b, 6b and 7b depict a map of obstacles includingvelocity vectors. The 
triangles stand for the field of view of the camera. The continuous lines denote the 
paths from the start to the destination points.  

Table 1. Average times of computation 

Map size [cells] 
Computation time [ms] 

Lee Lee path replanner Lifelong Planning A* 
100x100 <1 <11 <1 – 101 
500x500 8 2-61 1-3001 

1000x1000 35 15-301 3-10001 
2000x2000 135 50-1001 10-30001 

                                                           
1  Dependent on the distance to the destination and the size of cells (in this case 10m in a 

straight line and 0.1x0.1m respectively). The path’s length was subject to alternation at time 
instant t due to redeployment of the obstacles. 
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Fig. 7. Results for moving and
(b) Obstacle map with found p

Table 2. A

Map size [cells] 

100x100 7
500x500 19

1000x1000 75
2000x2000 300

 

d static object detection. (a)  The image from the stereo cam
path. 

Average number of cells that were processed 

Number of cells that were processed 
Lee Lee path replanner Lifelong Planning A* 

7.8k-8k 0.05k-1.9k 0.019k-2.2k 
95k-200k 22k-50k 0.083k-60k 
50k-820k 50k-300k 0.6k-240k 
00k-3200k 500k-800k 2.4k-1000k 

mera. 
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Table 3. Additional information 

Map size [cells] Path length Number of modified cells 

100x100 95-150 100-150 

500x500 470-750 1500-2700 

1000x1000 950-1500 5000-10000 

2000x2000 1900-3000 15000-40000 

6 Conclusion 

The presented algorithm for planning collisionless routes in an unknown environment 
proved to be faster than Lee’s algorithm. The proposed algorithm behaved in a more 
stable way than Lifelong Planning A* in an evolving environment. The results show 
that the proposed algorithm is particularly effective in applications requiring run-time 
routing for unmanned moving vehicles. 

Further research aims at estimating the direction and velocity of moving objects, so 
that a new path will account for the future location of obstacles. 
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Abstract. This work proposes a new stroke based methodology for
handwritten character recognition. After the pre-processing, several steps
are involved to achieve the recognition. First, the character is segmented
into its strokes. Then, we determine the maximum length of the longest
horizontal segment that can be inscribed on a stroke. We also compute
that for the vertical direction. So we decide whether the stroke must
be tagged as horizontal or vertical. After that, we represent by a string
the vertical stroke position and its relational-ship with its adjacent hor-
izontal strokes. In that string, each vertical stroke is represented by a
character followed by a set of numbers which means where the adjacent
horizontal strokes join the vertical one. A formal language grammar has
been set and a knowledge base developed with known characters written
by a single writer. Finally, an inference engine allow us to recognize un-
known characters written by that single user. This algorithm has been
tested on different writers and provides a hit rate of 87,13%.

Keywords: Handwritten recognition, character recognition, stroke char-
acter representation, inference engine, knowledge base.

1 Introduction

When a document is written, it can be translated to ascii code to be used in
personal computers. Commonly optical recognition is used and this kind of recog-
nition is usually called ICR (Intelligent Character Recognition). Specifically, in
Intelligent Character Recognition or Handwritten Recognition there are two dif-
ferent ways: On-Line and Off-Line recognition. The main difference between
them is how data are acquired and processed.

On-Line recognition, is done while writing is performed. For example, there
is a study [5] that takes as reference to obtain certain points and their direction
when a pen is writing over PDA to get a character description. However, the
method more commonly used is Hidden Markov Models (HMM). So Han Shu[7],
calculates the probability of being a certain character from feature extraction
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c© Springer-Verlag Berlin Heidelberg 2012

http://www.unileon.es
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made by GRID LCD. Another way to get handwritten character [2] is pre-
processing the input data and finally, the obtained strokes are compared with
precalculated models to guess the introduced word. Markov Models generally
have very good results, taking in some cases an accuracy of 98%.

Off-Line recognition is done after writing the text and saving this text as
an image. In Off-line recognition, the most common process is using a neural
network. Mathur, Aggarwal, Joshi and Ahlawat use a handwritten document
and after processing, words are segmented to obtain separated characters [11].
Finally, they introduce these characters in a neural network to obtain the result.
They achieve a 71% of recognition rate.

Alphabet used for recognition influences in the results. Arabic handwritten
recognition [8] has a 89,3% of accuracy, and an optical character recognition sys-
tems for handwritten Gujarati numbers [12] have achieved approximately 82% of
hit rate. However, [3] handwritten Chinese Character Recognition has a recogni-
tion rate between 96.4% and 96.6%. Of course, all of them use neural networks.
It should be noted that neural networks play an important role in the devel-
opment of methodologies for handwritten recognition. It could be considered
to use neuronal networks for fuzzy logic applied to this field [14]. Researching
more on neuronal networks, it could be possible develop a hybrid neuronal net-
work, for example using a combination of different transfer projection functions
of neuronal network as proposed in HAIS’07 [15].

Form recognition is the most widely used. When a form with a personal bank
account number and other data is filled out, these data can be introduced to
the computer through a recognizer [9]. In this case, data are obtained as the
amount, date or signature by analyzing the regions of the document form. A slant
correction is applied over characters, then are normalized and finally, introduces
results on a trained neural network. This method is applied to other types of
checks from other banks [10] and obtain results of accuracy of 92.6%.

The pattern recognition is also widely used as show Pavlidis I., Singh R. and
Papanikolopoulos N.P.[16]. In the 3rd International Workshop on Hybrid Artifi-
cial Intelligence Systems (HAIS’08) [13] was proposed many pattern recognition
on hybrid intelligent systems to extract useful information from vast amount of
data and discover meaningful patterns. It could be used for handwritten recog-
nition applied on the input images to be recognized.

In section 2, we explain the proposed methodology. Section 3 shows the ex-
periments an the obtained results. To finish, section 4, gathers conclusion and
future works.

2 Methodology

In this section, we describe how the image is acquired and the slant correc-
tion procedure. Then we explain the morphological operations and the feature
extraction. Finally, we present the method to get a string representation to
be introduced in inference engine. All these steps are involved to achieve the
recognition.
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2.1 Image Acquisition and Preprocessing

First, a character is acquired through an scanner or similar device. Once the im-
age is obtained, it is binarized into two levels(black or white), using the thresh-
olding method.

Then a binary matrix Mc = (x, y) is constructed whose dimension is the same
as the image. Each pixel of this image is represented in this matrix by 0 for white
pixels and 1 for the black ones.

2.2 Processing

Once matrix is filled with the pixel values, it is necessary to apply slant correction
on the introduced character. We apply a nonuniform slant correction to the
matrix [4] and, whit the study of vertical projection profile [6], we will obtain
the unslanted character. To do this, the highest and lowest pixel of the matrix
is calculated and each 1-valued pixel is moved using the following rules:

– The considered angle α satisfies −45o > α > 45o.
– The height h is calculated for each pixel.
– The distance to move a pixel is calculated as described in Fig.1 by:

M = tg(α π
180 )h

Fig. 1. Getting the distance to move the pixel

– The pixel in a position h takes value 0 and the pixel in a position h ±M
takes value 1.

– We calculate a vertical projection profile of the resulting matrix.

Finally, all vertical projection profiles are compared and the one with the highest
peak corresponds to the matrix that identifies the unslanted character. In Fig.
2 we can see an example.

To obtain an optimal image for further processing it is necessary to apply
on the image certain morphological operations. It performs a dilation operation,
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Fig. 2. Character ’1’ and its vertical projection before (left) and after (right) the slant
correction

followed by erosion, which fills in small holes caused by moving pixels in the
previous step.

The structuring element used is the same to both operations.

2.3 Stroke Segmentation

The feature extraction employed in this work was proposed at the V Congress
of Hispalinux [1]. The image, which is itself a character, can be considered that
it is composed by horizontal and vertical strokes. To segment a character into
its strokes, the next rules must be followed:

– Each pixel belongs to one and only one stroke.
– The stroke can be quantized into two different values: vertical and horizontal.

We can see an example of the character ”r” in Fig. 3.
– The main strokes are vertical, so there is not any horizontal stroke laying

over nor under a vertical one.

The first step to find the different strokes consists on assigning a stroke to each
pixel. This can be accomplished by measuring the segments at 0 and 90. If the
segment at 0 is the longest one, the involved pixel is labelled as a horizontal
stroke. Else, the stroke is considered as vertical and so is marked the pixel.

Finally, if a pixel belonging to a horizontal stroke lays in the same column as
pixels in a vertical stroke, then the pixel is also considered as part of a vertical
stroke. Fig. 4 shows rule 3 applied on character ”t”.

2.4 Generating the Representative String Applying the Grammar

The representative string will be defined by the interconnection that exists be-
tween the vertical strokes and the horizontal ones. To do this, four regions of
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Fig. 3. Pixel at point ”a” will be labelled as vertical. On the other hand, pixel at point
”b” will be labelled as horizontal.

Fig. 4. Application of rule 3 over character ”t”: horizontal stroke lays under a vertical
one

Fig. 5. Adjacency region at position ”5” and ”8”. String representation: V58.

adjacency to the right and left vertical stroke is considered. Then, 8 regions are
obtained and identified from ”1” through ”8” starting at the top left and ending
at the top right. Thus, if there is a horizontal stroke located at the top right, it
is tagged as in position ”8” in the vertical stroke.

As shown in Fig. 5, for every vertical stroke and from left to right, the adjacen-
cies with horizontal strokes are described. The grammar that is used to perform
the representative string is a regular grammar Gcr = (T,N, S, P ) defined as:
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T = V,1,2,3,4,5,6,7,8 P = {V → V|1|2|3|4|5|6|7|8,
N = V,1,2,3,4,5,6,7,8 1 → V|1|2|3|4|5|6|7|8, 2 → V|1|2|3|4|5|6|7|8,
S = V 3 → V|1|2|3|4|5|6|7|8, 4 → V|1|2|3|4|5|6|7|8,

5 → V|1|2|3|4|5|6|7|8, 6 → V|1|2|3|4|5|6|7|8,
7 → V|1|2|3|4|5|6|7|8, 8 → V|1|2|3|4|5|6|7|8}

Fig. 6. State transition diagram representing the automata

Fig. 7. Ambiguity case. Solution: repeat the strokes are connected. String representa-
tion: V5588V1144.

Therefore, it is possible to construct strings that always start with ”V” and
can be finished by any element defined in the alphabet of the grammar. A non-
deterministic finite automata (AFDC) can be used to verify the validity of the
constructed strings. This AFDC may be represented by (Fig. 6):

Sometimes, the ambiguity is possible. For example between ’e’ and ’6’. To
solve this problem, the followed procedure consists in repeating the strokes that
are connected. Fig. 7 shows the way to solve the ambiguity problem in the case
of the character ’o’.

2.5 Knowledge Base and Inference Engine

The representation of the string is added to the knowledge base as a solution to
represent the character. It is stored in a XML file with a tree structure using a
XML-SCHEMA format.

Each node of the tree will be any variation in the searched character. Leaves
define the character being sought in inference engine. This tree is constructed
from the entries of a writer and will be used as inference engine. So when we
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introduce a representative string, the search starts at root node and, each char-
acter of the string represents each node in the tree. The last character of the
string will be a node which contain the character is searched. If the character
is not found, the new variation on the tree is entered for future searches. Thus,
the inference engine has the ability to learn new characters.

3 Experiments and Results

For experiments detailed in this section, two samples were collected from two
different writers.

The first writer had to write 8 characters ”a”, then 8 characters ”b” and
so on until the ”z”. Only lower-case letters were considered. Then he did the
same with the numbers: from 0 to 9. We got a sample of 296 images. Once
obtained the sample, it is separated into two groups. The first group contains
6 characters of each type and the second the 2 remaining characters. The first
group is used to generate three bases of knowledge and inference engine: one for
numbers, one for letters and another for both. The second group, that contains
the 2 remaining characters, is reserved for testing. The purpose of this second
sample is to compare the results with other writers.

Second writer had to write 2 characters in the same way as the first writer thus
obtaining a sample of 72 characters. This sample will be used only for testing.

In the first test, a number knowledge base and inference engine is used. Tests
were made using the sample of each writer. Table 1 shows the results.

The second test, is similar to the previous one. The difference is that in this
test had been used a knowledge base and inference engine developed with only
letters (detailed in Table 1).

As we can see, results are best on numeric character. This is because numeric
characters are simpler than alphabetic characters. On the other hand, the sample
of character test is bigger than numeric, which gives more accurate results.

And finally, the third test uses a knowledge base and inference engine devel-
oped with both: alphabetical and numeric characters. Table 2 shows the results.

In the last test, results are best than other test above. It is possible because
the sample in the last test, is greater than other two and consequently, gives
more accurate result. This sample uses numeric and alphabetical characters to

Table 1. Hit, Miss and reject rates for numeric and alphabetic characters

Writer Type Hit (%) Miss (%) Reject (%)

Same writer numeric 85,00 0 15,00
Different writer numeric 70,00 5,00 25,00
Same writer alphabetic 77,35 13,20 9,43
Different writer alphabetic 62,26 22,64 15,09
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Table 2. Hit, Miss and reject rates with numeric and alphabetical characters

Both Chars Hit (%) Miss (%) Reject (%)

Same writer 85,13 14,86 0
Different writer 60,81 31,08 8,10

Fig. 8. Relation hit, miss and reject between same and distinct writer for numbers and
characters. As we can see, there are more hit and lees miss rate from sample writer to
other writer. This is because the sample is from first writer and is used as inference
engine for second writer.

see how the inference engine works with bigger samples. The numbers of hits,
misses and rejections for both writers are shown in Fig. 8.

4 Conclusions and Future Works

In this paper we propose a methodology to recognize handwritten characters.
The results indicate that it is possible to recognize handwritten characters

from the identification of horizontal and vertical strokes and adjacency regions.
The implementation of preprocessing, such as unslant and the use of morpho-
logical operations, reduce the ambiguity and improve outcomes.

Also, the use of an XML file to store the knowledge, reduces time that inference
engine spent searching for the similar representative string to the handwritten
character introduced, being practically zero. There are still ambiguities that
complicate the recognition of characters such as between ”5” and ”S” or ”0”
and ”O”, which must be solved by considering the context of character.

It should also be noted that this algorithm can be used for all types of letters
because anyone can create their own knowledge base by introducing a user-
generated sample in the inference engine.
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Finally, the algorithm provides satisfactory results around 87% of accuracy
but it will be interesting to reduce time in preprocessing and even in processing
to decrease the time spend in recognition.

The results obtained using this methodology are lower than other which use
neuronal networks like Rafael Palacios and Amar Gupta[10] or Liana M. Lorigo
and Venu Govindaraju[8], but the proposed methodology does not need to design
a neural network.

As a future work, the use of the methodology presented in this document
could be used on words recognition or even, in handwritten documents.
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Abstract. Clinical practice guidelines are expected to promote more consistent, 
effective, and efficient medical practices, especially if implemented in clinical 
Decision Support Systems (DSSs). One prerequisite for the broad acceptance of 
clinical DSSs and their efficient application to medical settings is the guarantee 
of a high level of upgradability and maintainability. In this respect, this paper 
proposes KETO (Knowledge Editing TOol), a user-friendly tool to guide and 
assist the editing and formalization of condition-action clinical 
recommendations into a hybrid Knowledge Base (KB), made of if-then rules 
built on the top of ontological vocabularies, to be then used in a clinical DSS. 
The tool aims at: i) synergistically combining multiple knowledge 
representation techniques for building efficient DSSs able to deal with different 
clinical problems; ii) reducing the complexity of the formalization process, by 
enabling the creation and automatic encoding into machine executable 
languages of hybrid KBs that could be functional in the context of clinical 
DSSs.  

Keywords: Clinical DSS, Knowledge Base Editor, Ontology, Rules. 

1 Introduction 

In the last years, clinical practice guidelines have been more and more widely adopted 
since they are expected to promote more consistent, effective, and efficient medical 
practices and improve health outcomes when followed [1, 2]. Several recent studies 
have suggested that clinical practice guidelines without advanced Decision Support 
Systems (DSSs) (i.e. computer-based systems designed to help doctors to make 
decisions by providing motivated suggestions [3]) may not provide the promised 
improvements in patient safety or quality of care [4, 5]. Up to now, several DSSs have 
been widely studied [6, 7], by focusing on condition-action clinical rules rather than 
time-oriented guidelines. Condition-action clinical rules represent elementary, 
isolated care recommendations, which specify one or at most a few conditions which 
are linked to specific actions [8]. It is interesting to note that the most diagnostic and 
therapeutic clinical guidelines can be distilled in terms of a set of condition-action 
clinical rules, although this discards the control flow structure [9]. Current 
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implementations of clinical DSSs, known as knowledge-based, encode condition-
action clinical rules into a logical formalism for simulating the process followed by 
the physicians [10, 11]. The Knowledge Base (KB) is their key element, since it 
includes the corpus of relevant knowledge, coming from the clinical 
recommendations. They rely on inductive and deductive reasoning on the encoded 
knowledge and are strictly correlated to the knowledge representation formalism [12].  

The task of building the KB of a DSS consists in the collection of the relevant 
condition-action clinical recommendations, its systematization and technical 
formalization. Typically, clinicians are not supposed to directly access the clinical 
recommendations encoded in the KB, but they can only ask for the assistance of the 
DSS, which can then decide to use the KB for its decision making process. It means 
that, the KB is not accessible and editable directly by clinicians and the cooperation of 
both clinical experts and experts in medical informatics is required to alter and update 
an existing KB [13]. Nevertheless, since this process of updating the KB can require a 
continuous intervention— clinical rules are often subject to change due to their 
evolution to implement medical progress in the treatment of individual diseases, or to 
the adaptation of generic, site-independent clinical rules to a patient to be treated [14] 
— it is unthinkable that it cannot be done directly by doctors when needed. Also, by 
supporting a direct access to the KB, doctors are encouraged to use clinical DSSs built 
on the top of it, since they are mostly entrusted with suggestions produced starting 
from their expertise, especially if inserted by them. 

In contrast to the intensive efforts made to develop clinical knowledge-based 
DSSs, the issue of providing solutions for easily editing and upgrading the encoded 
knowledge has been widely neglected thus far. In this respect, this paper proposes an 
editing and visualization tool, named KETO (Knowledge Editing TOol), to guide and 
assist the creation and formalization of the KB to be used in a clinical knowledge-
based DSS, with the aim of being mainly oriented to medical users. The key issue of 
KETO relies on graphical facilities offered for easily editing condition-action clinical 
recommendations into hybrid KBs, made of if-then rules built on the top of 
ontological vocabularies, with the remarkable goals of: i) synergistically combining 
different knowledge representation techniques for realizing efficient DSSs able to 
deal with different clinical problems; ii) reducing the complexity of the formalization 
process, by enabling the creation and automatic encoding into machine executable 
languages of hybrid KBs that could be functional in the context of clinical DSSs. 

The rest of the paper is organized as follows. Section 2 introduces an overview of 
the state-of-the-art solutions for building KBs and addresses the motivations 
underlying the development of the proposed tool. Section 3 depicts design 
considerations for the construction of a DSS where the hybrid KB can be defined by 
means of KETO, while in Section 4 KETO editing functionalities and interfaces are 
described. Finally, Section 5 concludes the work. 

2 Related Work and Motivations 

Traditional methods to develop KBs for decision support implementations involve 
drawing out information from medical experts and range from informal or semi-
structured interviews and observations between clinicians and technicians to more 
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structured methods, like the transcription and analyses of verbal reports, or conceptual 
techniques such as graph construction, etc. [15]. Thus, they result cumbersome and 
time consuming, generating the need for a simple and easy-to-use knowledge editing 
tool that clinical experts could directly use to encode their knowledge. 

A number of studies has appeared in the last years, where different general-purpose 
tools for developing KBs have been analyzed and compared [16, 17]. These works 
have confirmed that existing solutions, which can be used for the KB creation, are 
typically general-purpose and provide many capabilities, at the price of being very 
complex, by typically speaking the language of knowledge representation formalisms 
which they support, rather than the language of the domain for which the KB has to 
be developed. This issue demands a deeper insight into the underlying formalisms, 
and thus, highlights the lack of a good usability [18]. It appears clear that doctors, 
who have knowledge and competencies to edit condition-action recommendations by 
creating the conceptualization of the domain and the decision making procedures, are 
not able to directly use these existing solutions to edit the KB. 

Up to now, to the best of our knowledge, none of the existing tools is directly 
devised to medical applications and, in particular, mostly concerned with the editing 
of condition-action clinical guidelines, neither system-oriented researches appear to 
have been developed in that direction. As a result, the most important issue emerged 
is the need for user-friendly interfaces aimed at facilitating the use of knowledge 
editing tools by medical experts rather than by technical experts. This means that the 
advanced tools widely used in the knowledge engineering community are not 
intended to be replaced or outperformed. Differently, in order to simplify the 
knowledge editing in the medical setting, only the subset of facilities needed to build 
clinical rules on the top of a very simple collection of useful terms should be offered 
so as to reduce complexity at the cost of functionality, and, in addition, it should be 
exposed in a very simple and familiar fashion. 

3 Clinical DSS Design Considerations 

A clinical DSS solves the requests of monitoring and assessing the patients' health 
status by aiding different activities, i.e. diagnosis, prognosis, therapy and follow-up. It 
uses patients’ heterogeneous information (i.e. anamnesis, diagnostic parameters, etc.) 
retrieved from a variety of data sources, such as user interfaces, clinical or hospital 
information systems, etc., and applies different types of reasoning, if needed. 

Requirements for the broad acceptance of a clinical DSS and its efficient 
application to medical settings regard the capability of: i) modeling medical 
knowledge in a structured, coherent and flexible manner; ii ) making useful inferences 
based on condition-action clinical guidelines and providing some level of 
transparency regarding the mechanisms for reaching such inferences; iii) providing 
specific explanations for these medical inferences; iv) providing some mechanisms to 
conveniently update and maintain the DSS with respect to medical progress or 
adaptation in the treatment of individual diseases. 
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Thus, the way the knowledge is represented is one of the most key facets for facing 
such requirements and, thus, having a successful clinical DSS. However, research in 
knowledge-based DSSs has recently dealt with the problem of overcoming the 
limitations imposed by a single knowledge representation language. According to the 
growing awareness that the combinations of intelligent techniques frequently perform 
better than the individual ones [19, 20], hybrid approaches have thus been proposed, 
with two or more subsystems dealing with specific portions of the knowledge base 
and using specific representation formalisms. 

With such anawareness in mind, the method of representing medical knowledge in 
terms of a hybrid KB, made of if-then rules built on the top of ontological 
vocabularies, has appeared the more suitable way to model a very complex domain, 
such as the medical one. Moreover, this approach is also generally accepted in 
medical settings, since easily usable and understandable also by a non-technical 
audience [21]. Thus, the hybrid KB buildable by means of KETO, in the context of a 
clinical knowledge-based DSS, consists of two distinct portions, dealing with 
declarative knowledge, i.e. the structure of the domain knowledge involved in the 
guidelines, and procedural knowledge, i.e. the knowledge about the decision making 
procedures. In particular, the procedural knowledge consists in a set of if-then rules, 
each of them being a collection of conditional statements in the form of "if 
antecedents then consequents". The antecedent part consists in one or more 
statements, composed of ontological terms, concatenated by conjunctive or 
disjunctive connectives. Negation of a statement is not foreseen, whereas negation-as-
failure can be used to infer negative answers based on the explicit absence of a 
statement. The consequent part of a rule consists in one or more statements, made of 
ontological terms, concatenated by conjunctive operators. 

In order to guarantee the simplicity of the rule, the declarative knowledge, which 
can be defined by means of KETO in form of ontology, includes the basic terms 
composing the domain knowledge structure, the properties of the terms, i.e. attributes, 
and the relationships between these terms. The choice of using an ontology is due to 
the possibility of defining a vocabulary semantically, by specifying a set of modeling 
primitives, such as axioms about relations and attributes, which can be proficiently 
applied to guide the rule construction by reducing the possibility of editing errors. 
Moreover, an ontology can be understood as mean to quickly and simply share and 
reuse knowledge since intended to provide users with reusable pieces of declarative 
knowledge, which can be – together with procedural knowledge and reasoning 
services – assembled into high-quality DSSs in a timely and proficient fashion. 

The knowledge representation formalisms adopted in KETO for implementing the 
hybrid KB are OWL and Jena rule language, respectively. 

In more detail, OWL (Web Ontology Language) [22] has been chosen since it is 
the de-facto standard solution for providing 'semantics' and granting formality and 
expressivity. On the other hand, Jena rule language [23] has been identified as the 
most appropriate for writing rules on the top of terminological elements defined in 
OWL ontologies due to its syntax, which is not only concise and very expressive, but 
also simply understandable for non-technical users. 

The reasoning engine used in a so built DSS is based on a forward chaining 
scheme, i.e. a data driven method that can be described logically as repeated 
application of the generalized modus ponens [24]. In other words, available data are 
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supplied to the engine as facts encoded as OWL statements and used to evaluate 
eligible rules and draw all possible actions/conclusions. 

4 KETO Functionalities 

The driving philosophy for KETO is to provide a simple and intuitive interface to the 
clinicians who do not have a deep technical expertise about hybrid KBs made of 
ontologies and rules. Additionally, more technical information can be also provided to 
ontology experts, if required. Following this idea, KETO has been devised as a more 
general working framework, where, for the sake of simplicity, a higher abstraction 
level of the ontology and rule constructs has been used by means of a visual 
interactive representation which reduces, where necessary and possible, complexity 
without losing completeness. 

This simplicity of use contextually involves the correctness of the rules edited, by 
granting different levels of consistency in their development: from the syntactical 
composition of a rule, by supporting the correct encoding in terms of admissible rule 
structure and well-formed statements, to its verification in terms of logic integrity by 
ensuring it fires when it should. In the following, more details about the interfaces and 
facilities defined for encoding hybrid KBs are given. In order to better explain these 
facilities, some very simple examples are described, which regard some condition-
action clinical recommendations defined for both monitoring patients suffering of 
cardiovascular diseases and detecting abnormal situations [25]. The set of terms 
involved in this case study and used in the following are described in Table 1.  

Table 1. List of terms pertaining to the case study 

Term Description 
Patient Summary A summary of all the information pertaining to a patient. 
HeartMonitoringInformation The heart monitoring information regarding a patient. 
PhysicalActivityInformation The physical activity performed by a patient. 
PostureInformation The patient posture. 
AlertInformation The information needed to report an alert. 
measuredHeartRate Heart rate measurement acquired by a patient. 
restingHeartRate(RHR) The patient’s heart rate at rest. 
RHRmax RHR+δ 
RHRmin RHR- δ 
walking It indicates if a patient is walking or not. 
running It indicates if a patient is running or not. 
standingUp It indicates if a patient is standing up or not. 
lying It indicates if a patient is lying or not. 
alertExplanation The explanation of the abnormal situation detected. 
alertType The severity of a generated alert. 

4.1 The Knowledge Editing Interface 

The overall KETO interface is shown in Figure 1, and it is organized as a Knowledge 
Tree (the left area) and a Rule Editing Interface (the right area).  
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Similarly, the consequent part is graphically arranged as a nested tree, where its 
root is the node “THEN” and the other nested nodes can be respectively a statement or 
a logical conjunctive connector. Since the consequent part of a rule consists in a 
conjunction of statements, as previously described, neither opened/closed circle 
brackets nor logical disjunctive connectors are admitted. 

Figure 3 depicts the interfaces to create concepts, relations and attributes. In 
particular, the interface in the left part of Figure 3 illustrates how to create a new 
concept. The doctor has to only type the name of the concept. By default, each 
concept is automatically defined as specialization of the OWL concept Thing; 
otherwise the doctor can also indicate another concept as super-class by choosing 
between the concepts previously defined. Similarly, the creation of a relation or an 
attribute requires first the insertion of its name and, then, the specification of the 
associated domain and range, which are two concepts in the case of a relation and are 
respectively a concept and a data type in the case of an attribute (see the interfaces in 
the middle and right parts of Figure 3, respectively). 

 

  

Fig. 3. Interfaces to create new concepts, new attributes and relations 

It is worth noting that during the process for creating concepts, relations and 
attributes, the user is not required to know and use the OWL formalism. Moreover, in 
order to further support also expert users, the editor also let to visualize the 
description of the OWL ontology currently edited, automatically computed. 

In the Knowledge Tree, the vocabulary is reported as a list of concepts and 
properties and arranged in the form of nested trees. Each available relation (attribute) 
is visualized under a concept only if the concept itself is contained in the domain 
restriction of the considered relation (attribute). In this way, the same relation 
(attribute) can be visualized under several concepts in the Knowledge Tree. 

In particular, as better depicted in the left part of Figure 4, each concept (indicated 
with a small green circle containing a "C") is the root node of a tree reporting the list 
of properties, which can be both relations and attributes (denoted by small cyan 
circles containing a "R", and small pink circles containing an "A", respectively), 
whose domain is represented by the concept itself. Each property is arranged as a 
child node of this tree and visualized in a nested level with respect to its parent, i.e. 
the concept it is associated to. The OWL representation of this vocabulary, 
automatically generated, is shown in the right part of Figure 4. 

The editing of a rule requires the use of this vocabulary to compose the statements 
to be inserted into the antecedent or consequent parts. Such statements, which can 
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specified and the statement generated, i.e. "noValue (PostureInformation lying)" must 
be intended according to the negation-as-failure semantics. Differently, the addition 
of the statement "HeartMonitoringInformationmeasuredHeartRate<RHRmin", which 
involves the comparison between the values assumed by two attributes of a concept, 
can be done by selecting the attribute" measuredHeartRate" in the same way just 
described for the previous situation. Since the statement involves the comparison 
between values assumed by two attributes, the user must type no value into the last 
text area where the string "float value" is printed (the upper part of Figure 6).  

 

 

Fig. 6. The insertion of a statement involving the comparison between two attributes 

This operation generates a partial insertion, as shown in the bottom left part of 
Figure 6, which can be completed by selecting the attribute "RHRMin" and, then, 
dragging and dropping it in the rule editing area over the string "Insert here a float 
value", as finally outlined in the bottom right part of Figure 6 (note that the 
comparison between the values assumed by two attributes is allowed only if their data 
types are the same). In the case when two statements regarding the same concept are 
put in the antecedent part of a rule (see the upper part of Figure 7), by default, the 
editor labels the second occurrence of the concept with a progressive id number 
appended at the end of its name for indicating that it refers to a different instance of 
the same concept. As reported in the lower part of Figure 7, a right-click on a selected 
statement allows to change the instance of the concept involved in it (note that if the 
same instance of a concept is involved into two different statements, no identification 
number is appended at the end of its name). 

 

Fig. 7. The specification of different instances of a same concept in two different statements 
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statements, which can be inserted ex-novo or moved from another position in the tree 
since already entered previously. 

Indeed, it is important to note that statements added under the corresponding tree 
both in the antecedent or the consequent part of a rule can be moved and placed in 
other positions by means of drag-and-drop operations. 

After inserting a rule, it can be saved, so as to appear in the bottom side of the Rule 
Editing Interface. Selecting and pressing on a rule in this list allows to change the rule 
currently opened. By clicking on the button named "Jena" placed in the bottom side of 
the Rule Editing Interface (see Figure 1), the encoding of the currently edited rule into 
the Jena rule language is automatically generated (see Figure 10), with the final aim 
of being then used in a clinical DSS for implementing the reasoning procedure. 

Finally, KETO includes a reasoning engine, which simulates an actual DSS for 
testing rules inserted by means of KETO and automatically translated into the Jena 
rule language. A file containing clinical data encoded as OWL statements can be built 
to test the integrity of the logic and ensure rules fire when they should. 

 

 

Fig. 10. The rule representation in Jena language 

5 Conclusions 

The paper described KETO an editing tool to guide and assist the creation and 
formalization of condition-action clinical recommendations. The key issue of KETO 
relies on graphical facilities offered for easily inserting and editing clinical 
recommendations into a hybrid KB, made of if-then rules built on the top of 
ontological vocabularies. 

The basic design rationale used in the development was: i) to synergistically 
combine multiple knowledge representation techniques for building efficient DSSs 
able to deal with different clinical problems; ii) to reduce the complexity of the 
formalization process, by enabling the creation and automatic encoding into machine 
executable languages of hybrid KBs that could be functional in the context of clinical 
DSSs. KETO was entirely programmed in Java in accordance with the object-oriented 
paradigm, which makes it easy to maintain and extend. 

Preliminary tests were performed with a team of volunteer students in medicine, 
with average computer skills, who were asked to develop rules for a simulated clinical 
DSS. The average satisfaction of the students in operating with KETO gave a first 
proof of its usability, suggesting that it could effectively support the simple insertion 
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of guidelines for actual clinical DSSs. Next step will regard the definition of a more 
extensive and punctual usability evaluation involving actual doctors. 

Moreover, future work will also regard the improvement of KETO by means of 
new intuitive and user-friendly facilities to handle vagueness in condition-action 
clinical recommendations. Indeed, clinical rules the doctors have in mind are often 
vague in nature, since they are used to formulating their expertise at a high level of 
abstraction, in form of smooth linguistic labels, rather than as expressions with clear-
cut boundaries. Next steps in this direction will regard the application of Fuzzy Logic 
to model vagueness in clinical recommendations, by focusing on the possibility of 
building fuzzy rules on the top of ontological concepts and properties. 
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Abstract. Intelligent information technologies help us to solve complex data 
mining problems and therefore they are of particular interest. However, a gen-
eration of a specific technology structure demands high skills of a developer 
and this process is time-consuming as well. In this paper, we present an auto-
mated integration of intelligent information technologies for complex systems 
modeling and classification. We consider such popular techniques as neural 
networks, fuzzy rules based systems and neuro-fuzzy systems as well as evolu-
tionary algorithms for automated generation. We also propose a new idea of  
genetic programming application to the design of intelligent information  
technologies ensembles for effectiveness and reliability improvement. 

Keywords: Neural networks, fuzzy rules based systems, neuro-fuzzy systems, 
evolutionary algorithms, ensemble, modelling, forecasting. 

1 Introduction 

Complex systems control and design are impossible without appropriate models. 
However, a modeling of complex systems in a standard way is rather complicated if 
not possible. Systems simulating models can be helpful here. For many real world 
problems we can see a following situation. There is a big data base of the results of 
the complex system behavior observations but appropriate model of this system is not 
yet clear. Here we can use intelligent information technologies (IIT) to obtain the first 
stage model within short time in order to simulate the system and learn its properties 
that gives us a possibility to develop a full profile model of the system. However, the 
design of IIT can also be a problem. Currently, intelligent systems have got wide 
propagation in various fields of human activity connected with complex systems 
modeling and optimization. Artificial neural networks [1], fuzzy logic [2], neuro-
fuzzy systems [3], evolutionary algorithms [4] and other techniques and technologies 
are popular tools for investigation due to their capability to solve complex intelligent 
problems that are difficult to solve with classic techniques [5]. 

In the most applications of intelligent methodologies, usual way is to use the most 
proper approach for each field of study. Within this approach, a successful application 
of an intelligent technique corresponds to the comparison of the performance of some 
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competitive intelligence techniques in contrast to the proposed one. If the latter out-
performs the other techniques then it proves the correctness of applied approach. The 
highly increasing computing power and technology made possible the use of more 
complex intelligent architectures, taking advantage of more than one intelligent tech-
nique, not in a competitive, but rather in a collaborative way. This is called a hybrid 
computational intelligence methodology and is an effective combination of intelligent 
techniques that outperform or compete to simple standard intelligent techniques. 

The popularity of hybrid intelligent techniques is due to their extensive success in 
a wide range of real-world complex problems. The main reason for this success is 
assumed to be the synergy derived by the computational intelligent components, such 
as fuzzy logic, neural networks, genetic algorithms, or other intelligent heuristics. 
Each of these methodologies provides hybrid systems with complementary reasoning 
and searching methods that allow a usage of empirical data to solve complex prob-
lems [6]. 

In this paper, authors use genetic programming algorithm to determine effective 
way for combination of single intelligent techniques (neural networks, fuzzy or neuro-
fuzzy systems) designed via evolutionary algorithms. 

Intelligent information technologies design is a complex optimization problem 
whose structure doesn’t allow solving it effectively with classic techniques. GAs are 
parallel, robust search procedure based on natural selection principles and evolution 
as well as genetics. The population of individuals representing solutions adapts to 
environment during evolution by means of genetic operators such as selection, re-
combination, crossover and mutation thus maximizing fitness (i.e. minimizing cost 
function) [7]. GAs have demonstrated high performance in the solution of practical 
problems with multimodal objective functions. A coding structure and the indepen-
dence of quality measure properties make them an appropriate tool enabling to  
incorporate a priori knowledge of an investigated object or a process despite their 
capability to find suboptimal solutions in complex spaces [8]. 

A genetic programming algorithm operates computer programs expressed by trees. 
The required purpose is achieved by growing up trees population using both the  
principle of survival of the fittest and genetic operations (selection, recombination, 
mutation and others) [9]. To solve the specified problem it is necessary to define a 
functional set (a set of used functions) and a terminal set (a collection of function 
variables, constant types in use) that must have properties of closure and sufficiency. 

Currently, ensemble techniques have been applied in many regression and classifi-
cation tasks. It has been observed that diversity of members making up a “committee” 
plays an important role in an ensemble approach [10]. Different techniques have been 
proposed maintaining the diversity among members by running on different feature 
sets [11] or training sets (e.g. bagging [12] and boosting [13]). Some techniques as 
neural networks can be run on the same feature and training sets producing the diver-
sity by different structures [14]. Simple averaging, weighted averaging, majority  
voting, and ranking are common methods usually applied to calculate the ensemble 
output. 

In [15] a Mamdani fuzzy inference system was used to combine outputs of several 
techniques (Fuzzy KNN, Multi Layer Perceptron with Gradient Descent with Momen-
tum Backpropagation, and Multi Layer Perceptron with Scaled Conjugate Gradient 
Backpropagation). Amorim Neto et. al. applied genetic algorithm for choosing  
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definite neural networks from pre-generated set according to the performance metrics 
[16]. Siwek et. al. [17] used 4 neural-like predictors (Multilayer Perceptrons (MLP), 
Support Vector Machines (SVM), Elman Networks, and Radial Basis Functions Net-
works). The obtained results post processed by SVM or MLP. In [18] a local zeroth, 
linear, quadratic, 3rd-order polynomial and MLP neural network were used as local 
predictors and MLP with Levenberg-Marquardt as global one. The simple averaging 
and dynamic averaging were applied for deriving the terminal result. Johansson et. al 
[19] used genetic programming for building an ensemble from predefined number of 
Artificial Neural Networks where functions were averaging and multiplying and ter-
minals were models and a constant. In [20] a similar approach is proposed where a 
specified number of neural networks is generated. Then a genetic programming algo-
rithm is applied to build an ensemble making up symbolic regression from partial 
decisions of the specific members. By that, an ensemble represents a homogeneous 
structure. 

In this paper we propose a new idea of applying a genetic programming technique 
to building an ensemble of models of different kinds providing by that the diversity 
among members within the ensemble. Another peculiarity of our work consists in that 
these models are generated automatically by means of genetic algorithm. 

The article is organized as follows. Section 2 describes an approach to IIT auto-
mated design, Section 3 presents an idea of IIT integration into ensembles using the 
genetic programming techniques, Section 4 shows practical results of applied prob-
lems, in the Conclusion outcomes of the work are done as well as future perspectives 
are discussed.  

2 The Automated Design of Intelligent Information 
Technologies 

Connectionist models. The multilayer perceptron is widely spread in different fields. 
As a rule the learning of this structure is carried out in terms of error back-
propagation. The complexity of design consists in the initial choice of hidden neurons 
number and neurons number on each hidden layer whose structure is preliminary 
unknown as well as in neurons activation functions choice. The drawbacks of a back-
propagation algorithm are low convergence speed, sensitivity to noise, the depen-
dence of functioning quality on step heuristics, and the fact that a modeling error as a 
rule doesn’t reach the global optimum due to its complexity [21]. 

To overcome such problems it is suggested to apply genetic algorithms for percep-
tron structure generation and weights coefficients tuning. 

The structure of a chromosome is coded as follows. Initially the maximum number 
of hidden layers and the maximum number of neurons on each hidden layer are preset 
by a researcher. While coding the structure, the pass in the network is carried out 
downwards and from the left to the right for each neuron. The length of each chromo-
some is from 4 to 5 bits in the condition of using a set of 8 or 16 activation functions 
accordingly. The first bit shows the presence or absence of a neuron in the net, all the 
rest code the information of a number of an activation function. Thereby the chromo-
some length coding the neural network structure is equal to maximum neurons  
number multiplied by chromosome length of one neuron. 
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The weights coefficients are coded in the same way. The interval of weights coef-
ficients changing and accuracy (digitization of a number) arepreset by a researcher 
and determines the bits number n for real number coding. The chromosome length 
coding the weights coefficients equals number n multiplied by the number of all coef-
ficients of a current net. 

Hereby, it is necessary to generate the population of individuals which represents 
the neural network structures and for each structure – a separate population of weights 
coefficients. The algorithm stops if there is apreset number of structure generations 
achieved or modeling error (usually a root-mean-square error) is small enough.  

Fuzzy rule based systems. While developing a fuzzy system an expert faces the 
problem of initial fuzzy rules selection a set of which could be incomplete and con-
tradictory. The selection of membership functions parameters describing the input and 
output object parameters is carried out subjectively and may represent the reality in-
correctly [2]. 

Therefore, to increase the validity of decision making while designing fuzzy  
systems the GAs were applied. The Pittsburgh approach was used for generation of a 
fuzzy system structure[22], i.e. each individual presents the whole rule base. First it is 
necessary to preset the maximum rules number maxN . During the learning process the 

following knowledge base parameters are adjusted: membership functions parameters 
determining the center and width of terms, number of rules, the overall length of the 
whole base due to the inclusion of a term– “don’t care” [23]. Figures 1 and 2 show the 
Mamdani and Takagi-Sugeno (zero order) coding schemes accordingly, where the 

following notations a taken: kR  is the k -th rule, ia , iσ  and '
ja , '

jσ  are parameters 

of Gaussian membership function (center and width), n is the number of input  

variables and m is the number of output variables, jν  is a singleton, ni ,1= , mj ,1= . 

 

 

Fig. 1. Mamdani chromosome coding scheme 

 

 

Fig. 2. Takagi-Sugeno chromosome coding scheme 
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Each parameter of center and width is presented by a bit-string. The coding proce-
dure of these parameters is the same as described in “Connectionist models” for 
weight coefficients coding. 

Neuro-fuzzy systems. The generation process of neuro-fuzzy systems consists of two 
phases [24, 25]. The first stage (unsupervised mode) represents the initial numerical data 
clustering based on competitive learning with rival-penalized method,  
adaptive resonance theory, etc. After that we get coarse fuzzy rules. The second stage 
(supervised mode) consists in accurate tuning of the rule base. Usually gradient algo-
rithms are used here but their drawbacks are widely known and prevent effective use of 
neuro-fuzzy systems. Therefore, the GAs are applied instead of gradient algorithms. 
Their effectiveness in practical problems solving was shown in previous work and sur-
passed the steepest descent method in terms of modeling error [26]. The coding proce-
dure of the parameters is the same as described in “Fuzzy rule based systems”. 

3 Genetic Programming Method For IIT Ensembles Designing 

For effectiveness and reliability improvement of IIT it is suggested to apply the genet-
ic programming method in order to form both IIT ensemble composition for complex 
problems solving and the way of cooperation of ensemble members in making the 
resultant decision based on particular decisions of individual technologies. 

There exist two variants of IIT hybridization in this approach. The first one consists in 
mathematical expression built from decisions of individual members. Thus partial deci-
sions of individual systems are terminal set elements of genetic programming method. 
The second variant is the formation of a hybrid multilayer system consisting of certain 
members of this ensemble. Here the terminal set is presented by IIT structure. 

In figure 3 we can see the tree coding, figure 4 shows corresponding decisions for 
the first approach and for the second one. To denote particular objects on the figures, 
the following terms are used: ANN – artificial neural network, FIS – fuzzy inference 
system, NFS – neuro-fuzzy system. 

In applying the first scheme it is necessary to generate and train in advance the speci-
fied number of terminal set elements which later will be used in the algorithm. In this 
scheme, there exist two modes of mutation realization in the genetic programming algo-
rithm. It is possible either to choose randomlyan element from the terminal set or to gen-
erate an absolutely new intelligent system. In this paper the latter one is realized. In  
applying such an approach, a functional set includes mathematical expressions. 

 

 

Fig. 3. Treecoding 
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Fig. 4. Decisions representation 

While implementing the second approach it is necessary to specify the number of 
cycles of learning for every technology. After generation of a new population the new 
structures arise as a result of the fact that every individual technology is designed 
anew. The elements of a functional set in this case are the rules of interconnections 
among certain technologies. For example, the symbol “||” means the systems are lo-
cated parallel to each other. The symbols “<” and “>” aligns the models in accordance 
with a following order (e.g. “S1<S2” means S1 follows S2 or, in other words, S2 is 
located in front of S1). The aggregation of the partial decisions is carried out with one 
of the standard ensemble techniques (averaging, majority vote, etc.). 

4 Application to Real-World Problems 

For application of suggested algorithmic core generation schemes of intelligent in-
formation technologies there was developed a program system for solving modeling 
and classification tasks. 

When implementing a genetic algorithm, there was taken a GA with a modified 
operator of multi-parent uniform recombination instead of standard GA. 

The parameters of genetic programming algorithm were set as follows: 100 indi-
viduals, rank selection and maximum depth of the tree – 10. The stopping criterion 
was the maximum number of generations equaled 1000. 

In the Table 1, the list of real-world problems used for approbation of submitted 
methods is presented. A part of them was taken from machine learning repository 
UCI[27]. 

Problems 1, 2, 4 present a classification task and the rest constitute a modeling task 
(approximation). 

20 runs of the program were carried out for every type of IIT. Every run gave some 
operable systems.  

In the Table 2, the best results in terms of error are shown. Following terms are 
used in table 2: L – learning sample, T – test sample. In classification problems the 
number of misclassified features is presented as an error, in all the other problems it is 
the mean relative error. 

The modeling error obtained by a neural network model was much worse compar-
ing to fuzzy- and neuro-fuzzy system and thereby is not displayed in the table. 

ANN 

NFS 

FIS

The second approach The first approach 

( )NFS
FIS

ANN
sin+
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Table 1. Approbation of suggestedtechniques 

Problem Input dimen-
sion 

Output dimen-
sion 

Sample volume 
Learning Test 

Machine learning repository UCI 
1. Iris classification 4 3 135 15 

2. Wine classification 13 3 163 15 
3. Forest fires forecasting 12 1 477 40 
4. Satellite image classifi-

cation 
36 6 4435 2000 

Applied problems 
5. Turbine condition 

monitoring based on 
forecasting of vibration 
signals 

11 12 1000 400 

6. Ore-thermal process 
modeling 

9 1 47 10 

7. The degradation pre-
diction of electrical 
characteristics of 
spacecraft's solar ar-
rays 

7 4 177 20 

8. Test-based characteris-
tics forecasting of jet 
engine 

5 1 20371 2263 

 
From the Table 2 one can see that in many cases a neuro-fuzzy system has the best 

quality of modeling. Besides, the effectiveness of all the types of IIT is congruous to 
known results. 

Table 2. The results of real-world problem solving 

№ Artificial neural net Fuzzy system Neuro-fuzzy system 
 Error 
 L T L T L T 

1 5 1 2 0 2 0 
2 1 1 0 0 0 0 
3 - - 16.87% 19.61% 15.67% 17.5% 
4 1.78% 1.79% 1.11% 1.11% 1.45% 1.46% 
5 9.11% 9.14% 8.07% 8.09% 7.99% 7.97% 

6 4.86% 4.97% 2.99% 3.01% 2.81% 2.92% 
7 - - 5.66% 7.66% 5.05% 5.87% 

8 - - 4.97% 5.01% 0.93% 0.95% 

 
The examples of ensembles formation on the basis of mathematical expressions 

from partial decisions of individual technologies are given below. On the initial phase 
10 IIT of each type were generated and trained. 

Following formula was obtained in terms of wine classification: 
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⎟
⎠
⎞

⎜
⎝
⎛ ⋅= 10

4sin NFSeNFSC  (1)

where C – is the class number. Moreover a recognition error constituted 0% of both a 
learning sample and a test sample that is better than for neural net models and fuzzy 
models and comparable with neuro-fuzzy models. Furthermore certain individual IITs 
which surpass the rest technologies in modelling quality (in terms of error) were not 
included in the committee. 

In ore-thermal process modelling problem the following expression was got: 

10

9

6

6

10(%) FIS

eFIS NFS

FIS

eNFSNi
⋅

⋅=  
(2)

that determines nickel percentage content in waste slag. The relative error is equal to 
2.21% for the learning sample and 2.33%for the test one that is better than for every 
individual IIT. 

In the process of numerical experiments it was found that certain technologies be-
ing superior to others in modelling quality are not always presented in the terminal 
formula. A set of technologies includes technologies with different modelling quality 
whose ensembles affords to improve the effectiveness and reliability on the whole. 

5 Conclusion 

Thus, the program system that realizes the developed approach enables to generate 
neural net models, fuzzy- and neuro-fuzzy models automatically, i.e. it allows obtain-
ing computational models that are appropriate for learning complex systems proper-
ties from observations or experimental data base. Using these models we can develop 
full profile model that describes the system in explicit form, e.g. normal mathematical 
model. If our system gives us fairly simple fuzzy inference system then it can be used 
for data mining and seeking for hidden dependences that are not clear directly from 
data base records. Automatic IIT ensembles formation allows improving reliability 
and effectiveness of a system. The obtained results are approved by solving of some 
real-world problems. 

Certainly, computational efforts for implementation of described approach and 
model complexity are severely increasing compared each single learning model. 
However it is usual drawback of any ensembling when one has to implement each 
member of ensemble. There are no additional problems with our approach here. Let 
us, also, remark that usually when evolutionary generating single model one cannot 
just generate one model and finish. One has to generate some models to avoid the 
impact of evolutionary algorithm randomness and then choose the best of them. That 
is why the difference in computation efforts is not as great as one could imagine it. 
Advantages of ensembling are better performance and reliability that essentially com-
pensates extra efforts. In fact, real additional computational effort for our approach is 
necessity to run genetic programming algorithm that combines single models outputs 
into an output of ensemble. Our experiments showed that it is less than efforts for 
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evolutionary generation of one single model, i.e., could be considered as acceptable 
disadvantage. 

As about the model complexity, again our approach does not bring much extra 
drawback comparing with any other ensemble technique. Of course, computational 
model given by genetic programming algorithm might be much more complicated 
compared to usual ensembling methods, like weighted sum of outputs or voting. 
However, our experiments show that genetic programming algorithm never includes 
all possible single models into ensemble taking usually a few of them. As the greater 
part of ensemble computational complexity is given by computational efforts needed 
to calculate the output for each model, our approach has advantage upon usual  
ensembling methods that include in ensemble all available single models. 

The further development of the system is aimed to the expansion of its functionali-
ty by including the other types of IITs (dynamic neural networks, Kohonen and Hop-
field networks, decision trees, multi objective selection etc.). Another direction is an 
improvement of system adaptability with automation of evolutionary algorithms  
tuning and improvement of the method of ensembles formation. 
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Abstract. Ubiquitous computing brings various information and knowledge 
derived from different sources, under which Bayesian networks are widely used 
to cope with the uncertainty and imprecision. In this paper, we propose a 
modular Bayesian network system to extract context information by cooperative 
inference of multiple modules, which guarantees reliable inference compared to 
the monolithic Bayesian network without losing its strength like the ease of 
management of knowledge and scalability. Moreover, to provide a lightweight 
updating method for highly complicated environment, we propose a novel 
method of preserving inter-module dependencies by linking modules virtually, 
which extends d-separation to an inter-modular concept to control local 
information to be delivered only to relevant modules. Experimental results 
show that the proposed modular Bayesian networkscan keep inter-modular 
causalities in a time-saving manner. This paper implies that a context-aware 
system can be easily developed by exploiting Bayesian network fractions 
independently designed or learned in many domains. 

Keywords: modular Bayesian network, selective inference, virtual linking, 
inter-modular d-separation, context-aware decision making. 

1 Introduction 

Solving real world decision problems often requires the fusion of information and 
knowledge derived from different sources of data and evidence. Unfortunately, 
however, the fusion accompanies uncertainty and imprecision which are likely to be 
unexpected in designing process. These may cause problems in decision making 
mainly due to, for instance, a lack of information, error in measurements, or 
ambiguous meanings in criteria and assessments. This gives rise to the demand for 
novel methods and efficient techniques for managing and integrating various types of 
uncertainty within a coherent framework, so as to ultimately improve decision 
analysis in complex decision situations. These research issues have recently received 
considerable attention, especially Bayesian probabilistic approach is widely adopted 
to deal with these innate problems of decision making. 

Bayesian network (BN) is a robust tool for practical problems which involve high 
level of uncertainty. But utilizing it in the large scale domains is difficult because 
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considerable effort is put on designing and maintaining the network. Besides, it is 
unable to entirely apply on ubiquitous devices since lots of computation power and 
resources are required in the inference process. For these reasons modular approach is 
applied in several studies such as landmark detection with mobile devices [1] and 
distributed multiple sensor networks [2].  

There have been many studies on developing context-aware application based on a 
probabilistic approach. Li et al. used a probabilistic model for active affective state 
detection of a user [3]. They utilized dynamic Bayesian network and the utility theory 
in order to reason the user's states like fatigue, nervousness, and confusion. They 
showed the probabilistic approach could handle the information in uncertainty.  
Table 1 shows the comparison among some related works. 

Table 1. Related works 

Author 
Modular 
approach 

Structure 
modification 

Time 
complexity 

Description 

U. Kjaerulff 
(1994) [7] 

X O O 
Removing weak 
dependenciesbefore 
inference 

M. Marengononi et 
al.(2003) [5] 

O O X 
Hierarchicallystructured 
BN 

B. Brandherm et al. 
(2005) [8] 

X X O 

Nodes with the value 
which are lowerthe 
threshold are not 
considered in DBN 

A. Krause et al. 
(2006) [4] 

O X X 
Separated 
classifiermodules to 
infera user's activity 

H. Tu et al. 
(2006) [6] 

O X O 
Hybridization of BN 
and HMM  

Y. Xiang et al. 
(2007) [9] 

O O X 
Shafer-
Shenoyalgorithm based 
lazypropagation method 

 
This paper proposes a modular Bayesian network (MBN) system for facilitating 

context-aware decision making. Improved virtual linking method is devised to 
represent and preserve inter-modular dependencies regardless of a common node's 
properties. Selective inference algorithm is also presented as a way to reduce time 
complexity of MBN by limiting the range of modules to be evaluated. Proposed MBN 
system provides not only reliable decision making based on context-aware 
information but also easier way of representing and managing probabilistic 
knowledge. It also enables the integration of information on ubiquitous devices which 
have relatively limited computing power and available resources. 

The organization of this paper is as follows: Section 2 introduces several 
definitions and proposed methods including inter-modular d-separation, virtual 
linking, and selective inference. Section 3 evaluates the accuracy and time of 
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inference in MBN compared to monolithic BN system to analyze whether MBN 
system fully reflects causalities and lessens the computation required. Section 4 
concludes the paper with an overview and future work. 

2 Modular Bayesian Network 

Bayesian network is a popular tool widely used for statistical knowledge 
representation which machines can easily understand. Modular Bayesian networks are 
an extended version ofBayesian network. MBN has the basic BN's features such as d-
separation[10] and increasing complexityas the growing number of parent nodes. 
Besides, it is possible to apply BN's inference or learningalgorithms to MBN without 
modification.In MBN, however, it is more difficult to keep dependencies between 
variables, especially inter-modularcausality due to its modular property. In addition, a 
cleverer method is required in inference sinceupdating the whole MBN given small 
change of observation would take considerable resources and time.To work out these 
problems, we propose a virtual linking method and selective inference. 

2.1 Definitions 

MBN consists of multiple BN units (BN modules) which are connected withother 
units according to their causality relationships. BN, BN modules, and MBN are 
defined as follows. 

 
Definition 1 (Bayesian network): Bayesian networkis a probabilistic graphical 
model that represents casual relationships between random variables. BN consists of 
variables V, edges E=(Vi, Vj), and conditional probability table P(V). When evidence 
eis given the posterior probability P(V|e) is calculated by applying the chain rule as 
(1): 

∏ ∏ ∏
∈

=⋅=
ee

i

i

eVPaVPeVPaVPeVP ))(|())(|()|(         (1)

wherePa(V) indicates the set of parent nodes and e means the evidence. 
 
Definition 2 (BN module): A BN module Ψi= (Gi, Pi) is a Bayesian network 
represented byGi= (Vi, Ei)where Vi’s are variables and Ei= (Vi, Vj)are directed edges 
from Vito Vj, and Pi is the conditional probability. A BN module is a basic unit of a 
problem domain for perceiving contextual information. 

 
Definition 3 (Modular Bayesian networks): MBN Ώconsists of a 2-tuple (M, R) 
where Mrepresents BN modules and Rindicatesthe causality between BN modules. 
Let two BN modules be defined as Ψi= ((Vi, Ei), Pi) and Ψj= ((Vj, Ej), Pj), and have an 
influence on each other. Then, a link R= {<Ψi,Ψi> | i≠ j, Vi∩ Vj≠ Ø}is created and able 
to affect or be affected by defining asharing node. 
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2.2 Inter-modular d-separation 

A BN module can be a cause or result of the connected module by forming a 
hierarchical structure. Otherwise, two modules can affect sharing nodes with 
causative edges or share nodes as an input node with incoming edges to the modules. 
These relations between BN modules are defined by extending the concept of d-
separation which has three types: serial, converging,and diverging 
connectionrepresented in Fig. 1. 

 

Serial Converging Diverging

М i

М j

М i

М j

М i

М j  

Fig. 1. Three connection types between BN modules 

These connection types lead different aspects of information flow between 
modules according to the status of sharing nodes. When hard evidence is set on the 
sharing node S, two modules Ψiand Ψjare d-separated defined as Ψi⊥mΨj| S. d-
separation between modules ⊥mmeans any changes in Ψior Ψjcannot affect connected 
module. On the contrary, modules with converging edges have d-separationrelation 
when Shas no hard evidence, Ψi⊥mΨj. These relations are summarized as (2). 

)(       

)  (  |

converging

divergingorserialS

jmi
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ϕϕ
ϕϕ

⊥

⊥
                  (2)

The concept of d-separation between BN modules is required to cover the case in 
which there is no direct connection between modules. This is defined as modular d-
separation. 

 
Definition 4 (Modular d-separation): Two modules, Ψiand Ψj, have modular d-
separation relation when there is no connected path π= <Ψi, ...,Ψj> given the evidence 
set. When there is more than one path, it is called as modular d-connection. 
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3 Inference with Modular Bayesian Networks 

Evaluating MBN is the most important process. In order toperformthe whole 
inference process, it requires multiple steps controlled by components.First, MBN 
system picks the target nodes which are mostly needed to probe based on the context 
information collected so far. If a module contains a target node, it becomes target 
module. When target modules arefixed, each module is prioritized to decide 
precedence of evaluating.This is a crux of MBN system since a minor change in 
precedence between modules would cause huge difference in posterior probability 
even when the same evidence set is given.Then newly observed evidence is 
distributed to BN modulesso that evaluation is conducted.This process is summarized 
in Fig. 2. 
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Fig. 2. Modular Bayesian network system components needed in inference 

3.1 Preserving Causalities 

It is a crucial problem to capture the correct causalities between variables in general 
Bayesian networks. The same property is also required in modular Bayesian network 
for reliable result. We devise a virtual linking method as a way of maintaining 
causality whichfacilitates communication between BN modules. 

 
Definition 5 (Virtual linking method): Virtual linking method is a technique which 
enables each BN modules to convey its internal inference results to the other 
connected modules. BN modules are virtually linked when module Ψiand Ψjhave at 
least a sharing node, S. The inference results of Ψi,Bel(Si)={p1, p2,..., pn}, is 
propagated to Ψjby coercing the initial probability of a node Sjof Ψjin accordance with 
Bel(Si). The initial probability of a shared node in a moduleis controlled by utilizing a 
virtual node. 
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Definition 6(Virtual node): A virtual node is an auxiliary node which is added on a 
network[7]. It sets virtual evidence which has uncertainty associated with it. Virtual 
node V is linked to a target node Tas a child node; causality from T to S. Probability of 
Vis set according to the target probability of T. 

 

Local inference result of BN module can be passed to all other modules by utilizing a 
virtual node. So, it is a crux of virtual linking method to calculate the probability of 
virtual node given target probabilities for a shared node. This calculation process can 
be dealt with two cases: a shared node has two states, and more than two states. 

When a sharing node Sbetween two modules has only two states, the probability of 
a virtual node, which has only two states "yes" and "no", and hard evidence on "yes", 
P(V=yes|si)={va, vb} is computed as 
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whereP(V=yes|S=sa) and P(V=yes|S=sb) are the target probabilities of S, and P(S=sa) 
and P(S=sb) are the initial probabilities of S. The result of (3) is a just ratio rather than 
probability value, so it needs to bemodulated by multiplying modulation coefficient 
αuntil both has the value ranging from 0 to 1. 

When a shared node has more than two states, probabilities of a virtual node are 
computed differently. The calculation should be extended in accordance with 
thenumber of the states of a shared node. Let PI={i0, i1, ..., in} be initial probabilities 
of a shared node, PT={t0, t1, ..., tn} be a target probability distribution of a shared 
node, and PV={v0, v1, ..., vn}be a probability distribution of a virtual node where nis 
the number of states of a shared node. Then we can get a proportional expression like 
(4)based on Bayes' theorem. 

nnn vivivittt ⋅⋅⋅= :...:::...:: 110010                 (4)

We can get the ratio of PVfor each states by solving (5). 
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Actual probability distribution of a virtual node can be calculated by multiplying 
modulation coefficient which makes it appropriate probability value. 

Every shared node in BN modules has corresponding virtual nodes, and through 
this channel BN modules can pass their messages to the neighbor modules and 
influence overall network. Virtual linking method enables the creation of networks 
over Bayesian network modules. 

3.2 Selective Inference for Modular Bayesian Networks 

In the updating process of BN modules in MBN, there are two factors we need to 
consider. The primary factor which has great impact on the accuracy of inference is 
the sequence of modules to evaluate. If the target module is updated in the early stage 
it may fail to reflect posterior belief fromconnected modules which causes inaccurate 
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results. For reliability of MBN system, a prioritizing algorithm is required which 
defers the target module's update until all the related modules are updated. Another is 
defining and controlling the range ofmodules to infer. When new evidences are 
observed in several BN modules, there is no need to evaluate the whole BN modules 
since not all of them are propagated to the other modules. 

In order to guarantee reliable results with timely effective inference of MBN on 
ubiquitous devices such as mobile phones or embedded sensors, we update only 
relevant modules in the order of precedence. The precedence of BN modules is 
determined with a simple algorithm. Target modules have the top priority and are 
updated in the end. The second priority is given to the modules that have 
dependencies with the target modules, and modules which connect to the modules 
with second precedence get the next priority. When there are more than two candidate 
BN modules, a BN module with more sharing nodes precede others.Detailed 
algorithm is specified in Fig. 3. 

 

 

Fig. 3. Pseudo-code of the selective inference algorithm 

4 Experimental Results 

Experiments are comprised of two parts. The first part contains measurement of the 
MBN's accuracy with sequential order of updating described in the previous section. 
Next, we show that our selective inference method reduces the time complexity of 
MBN compared to monolithic BN. 

At first, an experiment is designed to check the reliability of the proposed MBN. 
We measure the MBN's accuracy by comparing the posterior belief of a target node in 
MBN with that in monolithic BNwhen the same evidence set is given. Three well-
known BN’s, Alarm[11], Credit, and Hailfinder[12]are chosen as the monolithic BN, 
and we designed the MBN’s with 6, 4, and 7 modules, respectively. Some engineering 
work would be needed to optimize the number of modules, but we did not put much 
effort to do it. 

So;    // Sois a stack which contains inference order 
// Module with higher precedence is pushed earlier. 
Qs;    // Qs is a queue which contains candidate modules to be searched 
Ltemp; // Ltempis a list which contains multiple module IDs.  

 
Ltemp= SortbyNumberofVirtualNode(Ψtarget); 
push(Ltemp);   Enqueue(Ltemp); 
 
while(So.Count() != MBN.CountModules()){ 
 if(Qs!= null){ 
  Ltemp= ConnectedModules(Dequeue()); 
  Ltemp= SortbyNumberofVirtualNode(Ltemp); 
 }else 
  Ltemp= SortbyNumberofVirtualNode(Ψremainders); 

 push(Ltemp);   Enqueue(Ltemp); 
} 
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Table 2. Differences in posterior probabilities of target nodes between monolithic BN and  
MBN with different algorithms 

OrderingMethod Alarm Credit Hailfinder Overall 
1) Random order 0.92% 0.87% 1.95% 1.25% 
2) Increasing order based on number of sharing 
nodes 

0.73% 1.03% 3.32% 1.69% 

3) Decreasing order based on number of sharing 
nodes 

1.20% 0.74% 0.62% 0.85% 

4) Increasing order based onnumber of nodes 0.72% 1.00% 3.32% 1.68% 

5) Based on "3", and "5" as asecondary rule 0.67% 1.04% 3.32% 1.68% 
6) Proposed method 0.05% 0.41% 0.07% 0.18% 

 
Table 2 shows the average discrepancies between monolithic BN and MBN for 

three different models for 1000 inferences. The proposed method outperforms other 
methods and its average differences are close to 0%. This indicates that the proposed 
ordering algorithm successfully enables each BN modules to pass and get the 
information. 

The second experiment is about the time complexity of MBN. We measured the 
time of the inference of monolithic BN and MBN on the smart phone whose resources 
and computing power are relatively limited. We create a BN model which is for 
extracting context information of a user in schedule management agent. For 
convenient management and scalability, it is modeled with 7 BN modules of MBN 
which represented in Fig. 4. 

 

 

Fig. 4. A simple MBN model designed for personal schedule management 
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Fig. 5. The time taken to update MBN and monolithic BN 

Average times of monolithic BN and MBN for inference are shown in Fig. 5. At 
the first inference,MBN takes slightly more time than monolithic BN because it loads 
more nodes and edges that are in separated multiple files. However, MBN saves time 
as inference is conducted repeatedly and it reduces significantly at last. This 
experimental result demonstrates the selective inference algorithm makes the 
inference of MBN more efficient and time-saving. 

5 Conclusion 

This paper presented modular Bayesian networks as a system. In order to preserve 
inter-modular dependencies we devised virtual linking method. For effective updating 
of MBN, each module is selectively inferred and passes the result to the neighborhood 
modules in the calculated order. With this MBN system, it becomes easier to design 
and manage probabilistic knowledge representation. Furthermore, it guarantees the 
extensibility so that context-aware system designer can adopt requisite partial BNs 
which are learned or designed previously in different domains, and put them together 
for its own purpose like mash-up. For the future research, inter-modular cycle 
problem should be handled in inference process because it would produce unintended 
posterior probability in MBN. The new method should not be very complex, nor 
increase inference efficiency. 
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(10033807, Development of context awareness based on self-learning for multiple 
sensors cooperation). 
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Abstract. This article presents an analysis of the sensitiveness of evolutionary
algorithms to the change of the random number generator when using a real-
world problem —the fitting of a theoretical curve to an experimental data set—
as test. On the one hand, the evolutionary algorithms selected: particle swarm
algorithm, differential evolution and genetic algorithm are widely used in opti-
mization problems. And, on the other hand, the random number generator used:
Mersenne Twister and GCC rand(), are the most frequently linked to evolution-
ary algorithms, as well as they are considered as high-quality. As a consequence
of this work, an assessment is stated about the sensitiveness of the evolutionary
algorithms studied to the choice of the random number generator.

Keywords: Random Number Generator, Particle Swarm Algorithm, Differential
Evolution, Genetic Algorithm.

1 Introduction

There are numerous scientific and technical disciplines which use random number se-
quences in their simulations. These disciplines are concerned about the randomness
of the Random Number Generator (RNGs) employed. Fortunately, RNGs have be-
come so close to real random number sequences that certain computational experiments
are unable to distinguish between real and computational-generated random number
sequences [1].

Evolutionary algorithms (EAs) techniques rely heavily on the use of RNG. From
initial population generation, through the specific canonical operators applied to create
new temporary population, the use of randomness is pervasive through EAs. Therefore,
it is reasonable to wonder how RNG quality affects EAs performance.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 385–396, 2012.
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As soon as newer and longer period RNGs appear, articles studing the effect of its
choice in the final performance of optimization problems are published. In spite of the
continuous update of state-of-the-art, the majority of these publications use artificial
problems.

These artificial problems are simplifications of more complex real problems. There-
fore, the conclusions drawn in these studies should be put in quarantine and they should
not be extrapolated to real problems.

In this study, a real problem —the fitting of experimental data sets to a theoretical
curve— is used in order to check the sensitiveness of several EAs to the choice of the
RNG. The experimental data set employed are the orbital velocity of stars for four spiral
galaxies: NGC2460, NGC3370, NGC4800 and NGC5394.

The experimental data set provide a variety of scenarios: measures with big exper-
imental errors and others with small ones, galaxies with a lot of experimental points
and other with very few ones, and, galaxies where the two arms fit the same curve and
others where strong differences between the two arms have been observed.

For the theoretical curve, diverse series expansions were tested. Finally, a Legendre-
polynomial serial expansion was selected due to its better adjustment to the experimen-
tal data sets.

In this paper two RNGs (Mersenne Twister and GCC rand()) have been used to test
their impact over the final performance of three EAs: Particle Swarm Algorithm (PSO),
Differential Evolution (DE) and Genetic Algorithm (GA). The two RNG have been
selected based on two criteria:

– The RNG has to be frequently used in research papers.
– The RNG has to be considered as high quality RNG.

RNGs —and the suites for testing their properties— have hardly evolved in the last
years. The most stringent suites for checking the randomness allow separating good
RNGs from others. However, the validation of these tests does not suffice to deduce
that all the RNGs will produce similar performances when coupling to EAs.

Beyond of the initial scope of this work as it has been exposed, the conclusions
drawn could be extrapolated toward other areas where the RNGs and the EA have a key
role in the algorithm. Techniques where the EA are hybridized with other techniques,
such as hybrid intelligent algorithms, will be concerned by the potential sensitiveness of
the EAs. Therefore, some of the hybrid algorithm presented in previous editions of the
HAIS congress and related publications: [2], [3] [4] could exhibit similar sensitiveness
to the change of the RNG. As a consequence, the results could show small variations
when employing different RNGs.

This paper is organized as follows: Section 2 summarizes the related work and pre-
vious efforts done. In Section 3.1, the Evolutionary Algorithms tested in this article are
briefly described. In Section 3.2, a resume of the Random Number Generators used in
the survey is introduced. Shortly, Section 3.3 describes the statistics used in the analysis
process. In Section 4, the implementation details and the production set-up are shown.
The results are displayed and analysed in Section 5. And finally, the conclusions and
the future work are presented in Section 6.
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2 Related Work

The first works in the assessment of the impact of the RNG over the final performance of
EAs are characterised by studies restricted to GA as reference of the EA, the inclusion
of well-recognized as poor-quality RNGs, and the use of a coarse-grained statistical for
the analysis [5], [6]. All these factors lead, today, to put in quarantine the conclusions
attained; and make relevant an update of this type of study. Later, a study with finer
statistics [7] did not find correlation between goodness on the RNG tests —Diehard
suite— and good performance obtained by the GA.

Other paper [1] has studied the sensitiveness of GA to the choice of RNG focusing
on the components that are most affected by the RNG. The work presents an ablation
experiment using two RNG and the true random number from an atmospheric noise
source. The experiments showed that the RNG used to initialize the population had
a critical impact over the final performance; whereas the RNG used as input to other
operations —crossover and mutation— did not affect the performance significantly.

A special mention requires the work [8] where 11 artificial functions —extracted or
inspired from CEC 2010 and 2008 Special Sessions and Competition on Large-Scale
Global Optimization (CEC competitions) [9]— were used to build a scale of sensitive-
ness of EAs face to the change of RNG. In this work the EA evaluated were: PSO, DE,
GA and firefly algorithm (FA); and the same RNGs: Mersenne Twister and GCC rand().

Other more recent work [10] presents a study of the effect of RNG on the perfor-
mance of Differential Evolution. This work uses a set of benchmark functions similar
to those used in [8]; however the number of tries and the statistical analysis of re-
sults is shorter and simpler —i.e. avoiding the employment of non-parametric statis-
tical inference—. Other differences with this work rely on the analysis only over DE;
whereas in [8] other three EAs are analysed: GA, PSO and FA. Finally, [10] includes
some well-recognized bad and obsolete RNG, which are not considered here for this
reason.

3 Methods and Materials

3.1 Evolutionary Algorithms

The sensitiveness of three EAs have been tested in this work: PSO [11], [12]; DE [13],
[14] and GA [15], [16]. These EAs have been selected based on their wide applicability
in optimization problems; these algorithms being very representative in the community.
In-depth description of the EAs tested can be found in the mentioned articles, this being
this purpose out of the scope of the present paper.

In all EAs used in this work, the population structure is panmictic. Thus, the intrinsic
operations to each EA —mutation, reproduction, selection, replacement, etc.— take
place globally over the whole population. Furthermore, in all cases the EAs follow a
generational model, in which a whole new population of individuals replaces the old
one [17].
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3.2 Random Number Generators

It may seem to be a conceptual impossibility to produce "random" numbers with com-
puters which are completely deterministic machines. Nevertheless, Random Number
Generators (RNGs) are in common use, especially in science and engineering disci-
plines.

Sometimes the term pseudorandom is used for computer-generated sequences, while
the word random is reserved for intrinsically random physical process. Such fine dis-
tinctions are not made in this paper.

In general, the random number sequences produced by RNG ought to be uniform,
uncorrelated and of extremely long period. It is clear that for optimum performance and
accuracy of EA, the RNG used ought to have these good properties. Some of the most
common tests to examine the quality of RNGs are:

Uniformity test: Break up the interval between zero and one into a large number of
small bins and after generating a large number of random numbers, check for uni-
formity in the number of entries in each bin.

Overlapping M-tuple test: Check the statistical properties of the number of times that
M-tuples of digits appear in the sequence of random numbers.

Parking lot test: Plot points in an m-dimensional space where the m-coordinates of
each point are determined by m-successive calls to the RNG. Then look for regular
structures.

The two RNG tested in this paper are Mersenne Twister and GCC RAND. Both RNGs
fit the criteria previously exposed: high-quality and widely used in optimization prob-
lems with EAs.

Mersenne Twister RNG. The Mersenne Twister RNG was developed in 1997 by Mat-
sumoto and Nishimura [18]. It is a high-quality RNG designed specifically to rec-
tify many of the flaws found in older RNGs. Its name derives from the fact that
period length is chosen to be a Mersenne prime number.
The main features of the Mersenne Twister RNG are:

– It has a very long period of 219937 − 1 � 106000. While a long period is not a
guarantee of quality in a random number generator, short periods —common
in many software packages— are problematic.

– It is k-distributed to 32-bit accuracy for every 1 ≤ k ≤ 623 (Overlapping
M-tuple test).

– It passes numerous tests for statistical randomness, including the Diehard tests.
It passes most, but not all, of the even more stringent TestU01 Crush random-
ness tests.

GCC RAND RNG. In C and C++, the default RNG is the rand() function. Many plat-
forms have poor-quality versions of the rand() function, however GNU platforms
—glibc— implement a version with higher quality and broadly accepted as good
quality RNG.
The main features of the GCC RNG are:

– The implementation of glibc corresponds to the category of Linear Congruen-
tial Generator [19].
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– It has a period of � 231 − 1. This period is accepted in general as long but it is
clearly shorter than the Mersenne Twister RNG.

Spite of the difference of period between both RNGs, the GNU rand() is accepted as
good quality RNG, it being used in many scientific and technical works. The question is
if these differences affect to the final results of the optimization process based on EAs.
The intent of this work is to unveil this question.

In our implementations, the seed of the RNG is reinitialised for each new execution
in order to keep the study as fair as possible.

3.3 Statistical Inference

Statistical hypothesis testing is a fundamental method used at the data analysis stage of a
comparative experiment. For this comparison, two kind of tests can be used: parametric
and non-parametric. The main difference between parametric and non-parametric tests
rely on the assumption of a distribution underlying the sample data. Given that non-
parametric tests do not require explicit conditions on the underlying sample data, they
are recommended when the statistical model of data is unknown [20].

The Wilcoxon signed-rank test belongs to the category of non-parametric test. It is a
pairwise test that aims to detect significant differences between to sample means [20],
[21], that is in our study, the sensitiveness of EA face to the change of the RNG.

In order to assess if the EA algorithm performs better when implementing one of the
RNG the sign test can be used. The sign test is also a non-parametric test. For this test
the differences between the results obtained with both RNG are calculated. Next, by
counting the number of plus signs or minus signs, it can be stated if the EA performs
better with a particular RNG [22]. For this scenario, the number of plus signs or minus
signs must be lower than or equal to a critical value depending of the sample size.

4 Production Setup

In order to check the sensitiveness of EAs to the choice of the RNG, the adjustment of
experimental data to a polynomial series has been used. The experimental data corre-
spond to the orbital velocity of stars around the centre of the galaxy.

As polynomial series, diverse series expansions were initially tested: Legendre,
Bessel and normal series expansion. Legendre polynomial obtained the best results re-
producing better the experimental data sets. For the series expansion two degree of
expansion —10 and 20— were employed. This parameter marks the dimensionality of
the problem. The rest of the configuration used in this work is: 10 particles/individuals
as population size and 1,000 cycles/generations.

In the PSO implementation, the c1 and c2 constants were established as c1 = c2 =
1 and the maximum velocity of particles Vmax = 2. In the DE implementation, the
mutation rate was established as μ = 0.5 and the recombination rate as Cr = 0.5.
In the GA implementation, the mutation rate was established as pm = 0.01, without
elitism.

According to the usual practice in adjustment of experimental data to theoretical
curve, the chi-square test —χ2—- has been chosen as fitness function within this work
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Fig. 1. Galaxy rotation curves —experimental data sets— used in this survey: NGC2460,
NGC4800, NGC3370 and NGC5394

[23]. The lower the χ2 value is, the closer the solution is to the objective —the fitter
the experimental data is to the theoretical curve. Therefore, the task becomes minimiz-
ing χ2.

Considering the standard fitting problem, where one is given a discrete set of N data
points with associated measured errors σ, and is asked to construct the best possible fit
to these data using a specific functional form, the most appropriated fitness function is
the merit function χ2, Eq. 1 [19]. Therefore, independently of the specific functional
form chosen, the fitness function used in this work is χ2, Eq. 1.

χ2 =
∑

all points

(
ysimulated − yobserved

σ
)2 (1)

For each case —each EA, galaxy rotation curve and polynomial degree— a total of
25 tries were executed in order to reach the statistical relevance desired.

In Fig. 1, the four galaxy rotation curves used in this work are shown. Particularly,
these galaxy rotation curves were extracted from a larger astronomical data, covering
approximately 60 galaxies. The criteria to select these curves were: the largest and the
smallest data set, and two more randomly selected.

As can be appreciated the experimental data are very diverse, providing different
scenarios: curve with many points —more than 200— and with few points —less than
20—, big and small errors, duplicated values for the same x-axis coordinate —generally
corresponding to the two arms of the spiral galaxy—. This diversity makes the task of
adjustment very challenging and stressing; and providing different scenarios to test the
EAs coupled to the RNGs.
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In order to fit the experimental points —see graphics in Fig. 1— to a theoretical
curve, a series expansion of Legendre Polynomial was used (Eq. 2). In this series expan-
sion the unknown terms ai have to be calculated to obtain the better adjust of function
F (x) to the experimental points.

F (x) =

N∑
i=0

ai · LPi(x) (2)

5 Analysis and Results

The most appropriated statistical test to assess the impact of the choice of the RNG over
final performance of the EA is the Wilcoxon signed-rank test. This is a non-parametric
test used for statistical inference. In Table 1, the p-value of Wilcoxon signed-rank test
for each EA, galaxy and polynomial degree is presented. In our study, the analysis of
the sensitiveness of the EAs is based on these values. The significance level used has
been α = 0.05, which is the most usual in this kind of analysis.

When changing the RNG in the PSO algorithm, null hypothesis —H0 : μ1 = μ2—
can be rejected only in one case —NGC2460 and degree 10—. This is the single case
where the PSO algorithm shows sensitiveness to the change of the RNG. By contrast,
for the rest of the cases —total of 7— the null hypothesis can not be rejected. For these
cases the change of RNG has not any impact over the final performance of PSO.

Regarding the results of Wilcoxon signed-rank test for DE, the null hypothesis can
be rejected also in a single case —NGC2460 and degree 20—. For the rest of the cases
—total of 7— the null hypothesis can not be rejected.

Finally for GA, the null hypothesis can not be rejected in any case. Therefore, the
statement H0 : μ1 = μ2 has to be accepted as true; leading to the conclusion that the
change of the RNG does not have any impact over the final performance of the GA.

Based on the non-parametric analysis performed, it can be concluded that the choice
of the RNG has not any impact —for GA— or a very small impact —for PSO and
DE— over the final performance of the problems treated in this work.

Unfortunately, the Wilcoxon signed-rank test does not allow to establish conclusions
about which particular RNG produces best performance when it is coupled to a EA,
only if the results differ or not.

The analysis of the results allows building a scale of sensitiveness for the EAs tested:
DE = PSO > GA. This scale coincides partially with the scale created with the

Table 1. p-value from Wilcoxon signed-rank test for non-parametric hypothesis testing for each
evolutionary algorithm, galaxy and expansion degree

Evolutionary Algorithm
Galaxy and Polynomial Degree

NGC2460 NGC3370 NGC4800 NGC5394
10 20 10 20 10 20 10 20

PSO 0.026 0.367 0.288 0.925 0.757 0.657 0.158 0.276
DE 0.443 0.040 0.098 0.638 0.619 0.135 0.058 0.946
GA 0.065 0.619 0.638 0.861 0.545 0.638 0.946 0.109
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Table 2. Comparison of the best adjustment obtained with the RNG tested for galaxy NGC2460
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Table 3. Comparison of the best adjustment obtained with the RNG tested for galaxy NGC3370
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work [8], in which only artificial functions were employed. These functions —a to-
tal of 11, including multimodal and monomodal, separable and non-separable— were
extracted or inspired from CEC 2010 and 2008 Special Sessions and Competition on
Large-Scale Global Optimization (CEC competitions) [9]. In order to test the sensitive-
ness a large production was performed using four EAs: PSO, DE, GA and FA, and the
same RNG: Mersenne Twister and GCC rand(); as well as an in-depth analysis —also
based on the Wilcoxon signed-rank test— of the data obtained. In this work the scale
of sensitiveness obtained was: DE > GA > PSO > FA.
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Table 4. Comparison of the best adjustment obtained with the RNG tested for galaxy NGC4800
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Table 5. Comparison of the best adjustment obtained with the RNG tested for galaxy NGC5394
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As can be appreciated, in both studies DE is the most sensitive algorithm to the
choice of the RNG. Oppositely, both surveys alternate the positions in the scale of GA
and PSO.

In order to evaluate if the EAs perform better when using a particular RNG, the sign
test has been employed. For testing H0 : MNC ≥ MMT against H1 : MNC < MMT ,
rejectH0 if the number of plus signs is less than or equal to the critical value for this test.
Taking into account that the number of tests is 25, the critical value is 7. When applying
this to the experimental data, only one rejection is produced —PSO, NGC2460 and
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degree 10—. Therefore, only for this case, the algorithm performs better when using
MT rather than NC can be stated. For the rest of cases, the null hypothesis can not be
rejected, therefore the statement that both RNGs perform similarly can not be rejected.

Alternatively, the opposite null hypothesis can also be tested, H0 : MMT ≥ MNC

against H1 : MMT < MNC . If the number of minus signs is less than or equal to the
critical value, then the null hypothesis can be rejected. In this case, the null hypothe-
sis can be rejected in two test, both for DE: NGC2460 and degree 20; and NGC3370
and degree 10. Therefore, for these two cases, the DE algorithm performs worse when
implementing MT. For the rest of case the null hypothesis can not be rejected.

Considering the cases where the null hypothesis can be rejected by both tests:
Wilcoxon signed-rank test and sign test, it exists coincidence in two cases —the two
cases where sensitiveness to the change of RNG is detected by Wilcoxon signed-rank
test are also detected by sign test. In a third cases —DE, NGC3370 and degree 10—,
the null hypothesis is only rejected by the sign test, whereas the sign test does not detect
differences.

In Tables 2, 3, 4 and 5 the best adjustments obtained for each case are presented. As
observed in these figures, in most of the cases both curves well-conform the experimen-
tal data, so the simple observation of them does not allow to discern if the RNGs differ
in performance when coupling to different EAs. This endorses the results obtained by
the Wilcoxon signed-rank test disabling to discern between both RNGs.

6 Conclusion and Future Work

This work analyses the sensitiveness of diverse EAs to the choice of RNG using real-
world problems: the fitting of experimental data sets to a theoretical curve. Concerning
the EAs, three widely employed EA have been used: PSO, DE and GA. In relation to the
RNG, two high quality generators and frequently used in scientific papers —Mersenne
Twister and GCC rand()— have been considered.

Unlike other previous studies where artificial problems are usually employed, in this
one a real-world problem —the fitting of experimental data sets to a theoretical curve—
has been considered as criterion to check the sensitiveness of the EAs.

From the results obtained, it can be observed that the variation of results for PSO
and DE are scarce, and therefore, these algorithms show a low sensitiveness to the
choice of the RNG. Regarding GA, variations in the results can not be detected, and
as a consequence it shows a null sensitiveness to the change of RNG. These results
roughly coincide with similar studies which used artificial functions.

More comparative works using other real-world problems, finer-grained statistics
and particularly examples of hybrid algorithms are proposed as future work.
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Abstract. This paper constructs a hybrid, multi-objective and evolu-
tionary algorithm based on Differential Evolutions using neural network
models and q-Gaussian basis units in order to develop an efficient and
complete system for donor-recipient assignment in liver transplantation.
The algorithm is used for the classification of a binary dataset and will
predict graft survival at 15 and 90 days after the transplantation. Other
hybrid approaches combining artificial neural networks with evolution-
ary computation and well-known algorithms are presented in order to
compare the obtained performance of both mono and multi-objective
methods, using other methods such as Support Vector Machines and
Discriminant Analysis. Some supervised attribute selection methods were
previously applied, in order to extract the most discriminant variables
in the problem presented. The models obtained allowed medical experts
to predict survival rates and to come to a fair decision based on the
principles of justice, efficiency and equity.

Keywords: multiobjective, evolutionary computation, neural networks,
liver transplantation, differential evolution.

1 Introduction

During the last decades, new trends in biomedicine have considered some ma-
chine learning techniques as classification methods, where the predicted decisions
are based on the recognition of some determinant patterns within the data. This
kind of method has worked well in a great number of problems.

Liver transplantation is nowadays a widely-accepted treatment for patients
who have terminal liver disease. Despite this, transplantation is greatly ham-
pered by the un-availability of suitable liver donors. Several methods have been
developed and applied to find a better system to prioritize recipients on the wait-
ing list. Based on this concept, Feng [6] proposed a donor risk index (DRI), aimed
at establishing the quantitative risk associated with the sole use of combinations
of donor characteristics.
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Many reasons have motivated this study, for example, methods developed to
handle this problem have separately considered the characteristics of donors,
recipients and transplants. Also, developing a matching donor-recipient system
offers the possibility of predicting the outcome when a specific donor liver is
allocated to a specific recipient. This paper considers a liver transplant binary
dataset obtained from eleven Spanish hospitals, including the graft survival or
rejection in liver transplantation three months after the operation in order to
develop a complete system for donor-recipient matching.

Several machine learning techniques (especially binary classifiers) have been
implemented and tested for the prediction of graft survival. Our analysis will
focus on comparing mono versus multi-objective techniques taking into account
two well-known measures, i.e. analysing which method obtains a better rela-
tion between these metrics (which will be defined later) using both mono and
multi-objective algorithms. For this purpose, we have implemented a hybrid
multi-objective algorithm combining Artificial Neural Networks and Evolution-
ary Computation, using a local search.

The paper is organized as follows: Section 2 shows a description of the meth-
ods used, both for attribute selection and classification (mono-objective and
hybrid multi-objective ones); Section 3 describes the specific characteristics of
the dataset and the experimental study; Section 4 describes the results obtained
from a mono and multi-objective point of view; and finally, Section 5 outlines
some conclusions and future work.

2 Method

2.1 Data Pre-processing

Feature extraction is one of the most important pre-processing steps in pat-
tern recognition, due to the fact that it is an effective dimensionality reduction
technique and also an essential method to remove noise features.

Predicting the first days post-transplantation graft survival may lead us to
understand and improve the usual donor-recipient matching procedure. But or-
gan transplantation procedures involve a large number of variables that may
have an insignificant impact on the survival of the graft and/or the patient. The
omission of the vast majority of variables may hinder the discovery of under-
lying relationships between survival and related factors. So, in this paper, due
to the great number of characteristics in the database we have applied a hybrid
supervised attribute filter for the selection of the more discriminant variables.
For this purpose the evaluators CfsSubsetEval and FilteredSubsetEval [10] were
used, both with the BestFirst search method.

The final selected attributes are a combination of those selected by both of the
feature selection techniques. As can be seen in the Results section, the application
of attribute selection not only decreased the execution costs, but also improved
classification results in the majority of the methods selected.
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2.2 Multi-objective Classification Using Memetic Pareto
Evolutionary Neural Networks

This paper constructs a hybrid, evolutionary and multi-objective algorithm using
neural network models with q-Gaussian basis units for classification, MPDENN
(Memetic Pareto Differential Evolutionary Neural Network algorithm); we com-
pare its efficiency case with another multi-objective method (Memetic Pareto
Evolutionary NSGA2) and other well-known mono-objective algorithms.

Evolutionary artificial neural-networks [14] have been widely used in investi-
gation fields like computer science or statistics, especially in machine learning
or classification problems showing good performance, and present a good alter-
native to some conventional classification methods [4].

Multi-objective Evolutionary Algorithms are a type of solution-searching
method based on principles of biological evolution. These methods analyse and
mix some possible solutions for the problem and best solutions prevail over time.
Often, a number of objectives must be processed to obtain a viable solution for a
given problem. We use the evolutionary algorithm in combination with a Pareto
front optimization methodology [1] is used to deal with this problem.

Fig. 1 shows the solution chosen by these multi-objective algorithms. The
non-feasible region for solutions is the one outside of the triangles. Minimum
sensitivity (MS) is represented on the horizontal axis and accuracy (CCR) on
the vertical axis. One point in space dominates another if it is more accurate
and has equal or greater sensitivity, or if it has greater sensitivity and equal or
better accuracy. The use of evolutionary Pareto-based algorithms when training
an Artificial Neural Network may lead to an improvement in the accuracy of the
model, helping it to escape local optima. The two algorithms explained in this
section are both hybridised with a Local Search Algorithm, and are based on a
two dimensional measure associated with the confusion matrix: CCR and MS,
i.e. the global performance for the dataset and the performance in each class.

Fig. 1. Solutions chosen by the Pareto front. In this case the first objective is MS and
the second one CCR.
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The latter objective is not usually optimized in classification, but it is considered
here given the need to obtain high precision in each class of real problems. The
pair composed by the CCR and MS measures tries to find a point between the
scalar accuracy metric and the multidimensional equivalent one (MS) which is
based on missclassification rates. These measures verify that:

MS ≤ CCR ≤ 1− (1−MS)p∗,

where p∗ shows the minimum estimated prior probabilities.
Once the first Pareto front is calculated using the training patterns, the best

individual taking into account the Correct Classification Rate measure is chosen
for the algorithm, and the best individual in terms of Minimum Sensitivity is
also selected. Once this is done, the values of CCR and MS are obtained using
the testing set.

MPDENN. This section presents the constructed hybrid, multi-objective algo-
rithm for classification in liver transplantation. It is based on Differential Evolu-
tion (DE) algorithm developed by R. Storn and K. Price in [13] and modified by
H. Abbass to train neural networks [1]. DE is adapted by analysing the trade-
off between the CCR and MS in [7]. The fundamental bases of the MPDENN
algorithm are Differential Evolution and the concept of Pareto dominance. So,
in order to solve this complex real-world problem of donor-recipient allocation,
we use the MPDENN algorithm [5], training ANNs and using a specific type of
basis functions called q-Gaussian Radial Basis Functions [9].

The steps of the algorithm are explained in Fig. 2. As can be seen, MP-
DENN generates a random population P0 of N elements. The population is
sorted according to the concept of non-domination, so dominated individuals
are deleted from the population. Then, a procedure of selection, crossover and
mutation is applied and finally the population is completed with new offspring
generated from the selected individuals in the population. In some generations a
method combining a local search with the K-means algorithm is applied for more
representative individuals. The algorithm ends when the maximum number of
generations is reached.

Evolutionary Algorithms carry out a global search inside the solution space,
the solutions approaching the global optimum. So, in this case, the local proce-
dure can quickly and efficiently find the best solution.

The local search is only applied in three different generations: at the beginning,
in the middle of the execution and at the end once the population is completed.
In this paper, the local search algorithm used is the iRprop+ algorithm [12].
Thus, the iRprop+ algorithm is not applied to all individuals, only to the most
representative ones. This procedure can be seen in Figure 3.

The process for selecting these representative individuals depends on the
number of individuals in the first Pareto front. If this number is lower than
or equal to the desired number of clusters (num), a local search is applied to all
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Create a random population P0

while no stop condition do
Evaluate and adjust population
while population not complete do

Selection
Crossover
Mutation
Evaluation
Add children in the population according to dominance relationships with the main parent

end while
if local search do

if number of individuals in the first Pareto front of the population < num do

apply iRprop+

else
generates num cluster with K-means

apply iRprop+

end if
end if

end while

Fig. 2. Procedure of MPDENN algorithm

Fig. 3. Local search procedure Scheme

individuals of the Pareto front without using the K-means algorithm. On the
other hand, if the number of individuals is greater than num, the K-means
procedure is applied to get the most representative num individuals, who will
then be the object of a local search.

MPENSGA2. This section briefly explain a another hybrid multi-objective
algorithm which uses the multilayer perceptron based on the NSGA2 evolu-
tionary algorithm (MPENSGA2) proposed in [8]. This algorithm will be used
to compare different hybrid, evolutionary and multi-objective algorithms. This
algorithm seems to be an interesting method because it applies a pruning pro-
cedure which makes the resulting model more interpretable.

This method designs artificial neural network models, simultaneously optimis-
ing the structure and parameters of each network. It also introduces an algorithm
for local search in order to improve the generalisability of multi-classifiers and
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the learning process. The MPENSGA2 algorithm obtains different sets of non-
dominated classifiers which are well-balanced taking into account CCR andMS,
the two objectives to optimize.

2.3 Mono-Objective Algorithms

Mono-objective optimization aims to optimize a single objective, i.e., a well-
defined target, to the detriment of all other possible targets. The hybrid multi-
objective methods developed are compared with some mono-objectives ones,
like Support Vector Machines, Kernel Discriminant Analysis or Simple Logistic,
methods explained in this section.

We have compared the MPDENN algorithm to eight state-of-the-art methods
well known in the literature, five of which have been configured and run in
WEKA [11]. The LibSVM method is available on a website as a continuous
updated software library for Support Vector Machines and Linear Discriminant
Analysis, and its kernel approach has been especially implemented in MATLAB
Software for the specific problem.

The methods used for comparison are:

– MLogistic: Classifier for building a multinomial logistic regression model
with a ridge estimator.

– Simple Logistic: Classifier for building linear logistic regression models.
– C4.5: Classifier for generating a pruned or unpruned C4.5 decision tree.
– Multilayer Perceptron: A neural network classifier that uses backpropagation

to adjust the weights. The nodes in this network are all sigmoid.
– LMT: Classifier for building logistic model trees, which are classification

trees with logistic regression functions at the leaves. The algorithm can deal
with binary and multi-class target variables, numeric and nominal attributes
and missing values.

– Support Vector Machines: Software package for the optimization of Support
Vector Machines (SVM). This library contains a script for automatically ad-
justing the hyperparameters associated with this kind of model, including the
cost parameter and the width of the Gaussian kernels. The library searches
for the best hyper-parameter values using a grid search and choosing the
best configuration by a 10-fold cross-validation process.

– Linear Discriminant Analysis: Discriminant Analysis is a well-known method
used in statistics, machine learning, and pattern recognition to decrease data
dimensionality and choose the best linear combination of characteristics to
best separate the data. It was proposed by Fisher in 1934. The objective
of this technique is to choose the optimal projection of the data, i.e. the
projection which best separates this data.

– Kernel Discriminant Analysis: it is to map the original finite dimensional
space in a higher dimensional one, where a lineal separation of the patterns
may be carried out. This can be done using a kernel function (in this case,
the Gaussian one). For more information about Linear Discriminant Analysis
and its kernel version, see [2].
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3 Experimental Study

3.1 Dataset Description

A multi-centered retrospective analysis was made of 11 Spanish units of liver
transplantation. Recipient and donor characteristics were reported at the time
of transplant. Patients undergoing partial, split or living-donor liver transplan-
tation and patients undergoing combined or multi-visceral transplants were ex-
cluded from the study. All patients were followed from the date of transplant
until either death or graft loss. Units of liver transplantation were homogeneously
distributed throughout Spain.

So, a database with 114 patterns (Donor-Recipient pairs) corresponding to
the years 2007 and 2008 in eleven Spanish hospitals is used to perform the
classification problem. 16 recipient characteristics, 16 donor characteristics and
another 9 operative factors were reported for each pair, as for example the donor
and recipient age and sex or the presence of different diseases among others.

To solve this donor-recipient matching problem, the dependent variable is
chosen whether there is graft survival after 15 days or not. This is a binary
variable equal to 0 when representing graft rejection up to the first 15 days after
the transplantation and equal to 1 if the rejection occurs between 15 days and
3 months. The choice of the first fifteen days for the dependent variable is not
arbitrary. The data showed that the fifteen days after the transplantation is a
critical point for the survival or rejection of the graft, which is supported by the
fact that more than the 50% of rejections occurr in the first fifteen days. Fig. 4
shows the cumulative frequency of the rejection of the graft where the slope of
the line strongly changes somewhere around the first fifteen days.

Fig. 4. Graphic showing the cumulative frequency of the rejection of the graft
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3.2 Experimental Design

Two different experimental designs based on cross-validation have been used to
estimate the performance of each method.

– We used a 30 holdout method for the deterministic methods, i.e. they do not
depend on a stochastic variable, like Logistic, Simple Logistic, SVM, C4.5,
LDA and KDA.

– However, a 10 holdout with 3 repetitions was used for the non-deterministic
methods as the Multilayer Perceptron, MPDENN and MPENSGA2.

The split percentage was 75% for training and 25% for testing. Also, a cross-
validation technique was used based on a mesh model for optimizing the param-
eters of each method and each holdout.

3.3 Statistical Analysis

Four metrics are used to analyse the efficiency of the different methods [3]: CCR,
MS, RMSE and AUC. CCR and MS represent threshold metrics, RMSE a
rank metric and AUC is a probability metric.

CCR or Correct Classification Rate:

CCR =

(
1

N

) N∑
n=1

(I(xn = yn)),

where I(·) is the zero-one loss function, yn is the desired output for pattern
n and N is the total number of patterns in the dataset. A good classifier
tries to achieve the highest possible CCR in a given problem.

MS or minimum sensitivity: This metric can be defined as the minimum
value of the sensitivities for each class,

MS = min{Si; i = 0, . . . ,K},

where Si is the sensitivity for the ith class. Sensitivity for class i corresponds
to the correct classification rate for this specific class.

RMSE or Root Mean Square Error: It measures to what degree predic-
tions deviate from the true targets.

RMSE =

√√√√ 1

N

N∑
n=1

(yn − ŷn)2,

where yn is the real value and ŷn is the estimated value.
AUC or Area Under Curve: The AUC of a binary classifier is equivalent

to the probability of the classifier will ranking a randomly chosen positive
instance higher than a randomly chosen negative instance

AUC =
1

N0N1

N0∑
n=1

N1∑
m=1

c(pn,pm),
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where N0 is the number of examples for class GS and N1 for class GNS,
pn = [p0n, p1n] the estimated probability vector for members of class GS
and pm = [p0m, p1m] the estimated probability vector for members of class
GNS, being c(pn,pm) = 1 if p0n > p0m and 0 otherwise.

In [8] there is a study of sensitivity versus accuracy, which demonstrates the fact
that these metrics occur after certain levels, in conflict in the optimization pro-
cess. This specific case shows that they are quite related, i.e. a relation between
them can be shown.

4 Results

Table 1 shows the results of different classification methods for the complete
dataset, that is, the dataset without carrying out a selection of characteristics.
These results can be compared with the ones obtained in Tables 2 and 3 (where
the attribute selection is applied). The results show that the attribute selection
improves the classification rates in almost all the selected methods.

Table 1. CCR,MS, RMSE and AUC from different methods for the complete dataset

CCR MS RMSE AUC
J48 55.21 ± 8.59 45.98 ± 10.02 0.659 ± 0.064 0.563 ± 0.085

Logistic 54.48 ± 8.72 45.13 ± 10.60 0.672 ± 0.064 0.546 ± 0.087
LMT 54.29 ± 7.83 44.88 ± 10.98 0.674 ± 0.057 0.543 ± 0.078

SimpleLogistic 54.05 ± 7.44 44.76 ± 11.12 0.676 ± 0.054 0.541 ± 0.074
MultilayerPerceptron 53.54 ± 7.88 44.51 ± 10.85 0.679 ± 0.057 0.535 ± 0.079

LibSVM 51.84 ± 7.60 37.24 ± 16.53 0.692 ± 0.055 0.518 ± 0.077
KDA 51.38 ± 7.96 49.91 ± 7.89 0.695 ± 0.056 0.511 ± 0.079
LDA 49.65 ± 8.55 47.65 ± 9.19 0.707 ± 0.059 0.496 ± 0.085

Table 2 shows the performance of the mono-objective and non-hybrid meth-
ods and Table 3 shows instead the performance obtained in the multi-objective
and hybrid methods, for both sides of the Pareto front (the ones chosen are
represented in Fig. 1).

Table 2. CCR, MS, RMSE, and AUC of all the selected mono-objective methods

CCR MS RMSE AUC
J48 55.17 ± 9.75 44.52 ± 14.53 0.665 ± 0.074 0.553 ± 0.096

Logistic 54.31 ± 8.60 44.24 ± 12.16 0.672 ± 0.065 0.544 ± 0.085
LMT 55.17 ± 8.71 45.06 ± 11.71 0.666 ± 0.066 0.552 ± 0.086

SimpleLogistic 55.77 ± 8.75 45.73 ± 11.58 0.662 ± 0.067 0.558 ± 0.086
MultilayerPerceptron 56.04 ± 8.91 46.55 ± 12.03 0.659 ± 0.069 0.562 ± 0.088

LibSVM 50.46 ± 5.69 35.81 ± 12.15 0.703 ± 0.041 0.503 ± 0.056
KDA 56.20 ± 6.64 50.54 ± 6.08 0.655 ± 0.052 0.584 ± 0.079
LDA 52.64 ± 7.78 49.69 ± 7.79 0.686 ± 0.056 0.527 ± 0.077

For MPDENN and MPENSGA2 the population size is established at 50
and the number of generations at 300. The number of hidden neurons is between
2 and 6. Other parameters to each method can be found respectively in [5] [8].
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Table 3. CCR, MS, RMSE, and AUC of all the multi-objective methods selected

Pareto CCR MS RMSE AUC
MPENSGA2 CCR 51.26 ± 8.99 43.73 ± 10.94 0.565 ± 0.045 0.525 ± 0.092
MPENSGA2 MS 54.14 ± 7.85 46.09 ± 9.71 0.549 ± 0.042 0.553 ± 0.089
MPDENN CCR 59.16 ± 9.43 49.65 ± 13.02 0.529 ± 0.058 0.604 ± 0.117
MPDENN MS 56.89 ± 9.49 47.19 ± 11.55 0.528 ± 0.057 0.601 ± 0.119

The method which generally obtains better performance is MPDENN, fol-
lowed by KDA and Multilayer Perceptron. As seen in the following Pareto front
(Fig. 6), there is some kind of linear correlation between these metrics, which
means that the optimization of them is related.

Fig. 5. Graphic showing the Pareto front for training

Fig. 6. Graphic showing the Pareto front for testing

To study the significance of the mean differences obtained, a parametric test
has been applied (Student’s t in this case) comparing KDA versus the MPDENN
method, the algorithms which have obtained the best performance for the specific
problem. First of all, we checked that the conditions for the parametric test are



Hybrid Multi-objective Machine Learning Classification in Biomedicine 407

satisfied: independence of the sample, same variances (using the Levene test),
and normal distribution of the sample (Kolmogorov-Smirnov test). The results
of the Student’s t test show the fact that, in the case of CCR and RMSE
metrics, the means are significantly different because the associated p-values are
respectively 0.070 and 0.001, greater than 0.10 (significance level). On the other
hand, there are not significant differences taking MS and AUC measures into
account. So, analysing the results of the algorithms for the four selected metrics
we can conclude that there are some significant differences in mean between
MPDENN and KDA for CCR and RMSE, favouring in this case MPDENN.
To sum up, this hybrid algorithm shows better performance although the mean
result for MS is higher with KDA.

In conclusion, the application of a multi-objective point of view can be in-
teresting even when the two selected objectives are quite related. The results
evidence that a multi-objective approach lead us to improve the solutions.

5 Conclusions

We can conclude for this case that although the Correct Classification Rate and
Minimum Sensitivity are correlated objectives, i.e. some kind of linear relation
can be seen between the solutions in the Pareto fronts, a multi-objective approach
using Artificial Neural Networks is preferred in order to explore the complete
set of solutions for the classification. The MPDENN algorithm has shown good
performance for this specific database, improving the results of some state-of-
the-art methods. Also, the conclusion drawn may be that in some really complex
problems, as in this case, it could be interesting to apply some feature selection to
remove noise from the data. It is important to analyse the problem we are dealing
with before applying a mono or a multi-objective methodology, and clarify which
are the metrics we want to maximize, in this specific case, we want a good balance
between Correct Classification Rate and Minimum Sensitivity. As future works
the database could be analysed taking into account two different classes: graft
failure before and after three months after transplantation. Patterns classified
in first class could be analysed with the obtained models in this paper.
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408 M. Pérez Ortiz et al.

2. Bishop, C.M.: Pattern Recognition and Machine Learning (Information Science
and Statistics). Springer-Verlag New York, Inc., Secaucus (2006)

3. Caruana, R., Niculescu-Mizil, A.: Data mining in metric space: an empirical analy-
sis of supervised learning performance criteria. In: Proceedings of the Tenth ACM
SIGKDD International Conference on Knowledge Discovery and Data Mining,
KDD 2004, pp. 69–78. ACM (2004)

4. Cristianini, N., Shawe-Taylor, J.: An Introduction to Support Vector Machines and
Other Kernel-based Learning Methods, 1st edn. Cambridge University (2000)

5. Cruz-Ramı́rez, M., Sánchez-Monedero, J., Fernández-Navarro, F., Fernández-
Caballero, J.C., Hervás-Mart́ınez, C.: Memetic pareto differential evolutionary arti-
ficial neural networks to determine growth multi-classes in predictive microbiology.
Evolutionary Intelligence 3(3-4), 187–199 (2010)

6. Feng, S., Goodrich, N.P., Bragg-Gresham, J.L., Dykstra, D.M., Punch, J.D., De-
bRoy, M.A., Greenstein, S.M., Merion, R.M.: Characteristics associated with liver
graft failure: the concept of a donor risk index. Am. J. Trans. 6(4), 783–790 (2006)

7. Fernández, J.C., Hervás, C., Mart́ınez, F.J., Gutiérrez, P.A., Cruz, M.: Memetic
Pareto Differential Evolution for Designing Artificial Neural Networks in Multi-
classification Problems Using Cross-Entropy Versus Sensitivity. In: Corchado, E.,
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Abstract. A forest of regression trees is generated, with each tree using a dif-
ferent randomly chosen subset of data. Then the forest is optimized in two ways.
First each tree independently by shifting the split points to the left or to the right
to compensate for the fact, that the original split points were set up as being
optimal only for the given node and not for the whole tree. Then evolutionary
algorithms are used to exchange particular tree subnodes between different trees
in the forest. This leads to the best single tree, which although may produce not
better results than the forest, but can generate comprehensive logical rules that
are very important in some practical applications. The system is currently being
applied in the optimization of metallurgical processes.

Keywords: Decision tree, regression, evolutionary optimization, logical rules.

1 Introduction

In is not an easy task to find an appropriate trade-off between the system performance
and comprehensibility. Complex hybrid systems can perform better than simple deci-
sion trees, but it is very hard to extract comprehensive logical rules from them [2,3,4].
In our paper presented at the last HAIS conference in 2011 we considered optimiza-
tion of regression tree parameters [1]. Although the logical rules were very clear and
allowed for better understanding of the process, we were able to obtain much higher
accuracy for the same task using an ensemble of neural networks with evolutionary op-
timization [5]. In [6] a heterogeneous forests of decision trees for classification tasks
was presented to address this issue. The purpose of our current work is to join the two
features (comprehensibility and accuracy) for regression tasks in one model as far as
possible.

The introduction outlines the problems associated with regression trees and their
committee optimization and with temperature control in electric arc steel-making. The
second section ("Methodology") presents the methodology of costructing and training
the regression model, including data preprocessing, decision tree construction algorithm
and evolutionary methods of optimizing the decision tree and the decision tree forest.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 409–420, 2012.
c© Springer-Verlag Berlin Heidelberg 2012



410 M. Kordos et al.

The third section ("Experimental Evaluation") presents the way the numerical experi-
ments were performed and the results obtained on several real-word datasets. The last
section ("Conclusion") concludes the paper.

1.1 Regression Tree and Their Committee Optimization

Decision trees produce very comprehensive rules although the accuracy of neural net-
works accuracy can be higher. Rudy Setiono in his works presented an approach to logi-
cal rule extraction from standard multilayer perceptrons (MLP) for regression problems
[8]. Although the accuracy of the rules obtained from his approach is only very little
below the accuracy of the underlying neural network, the complexity of the rules is so
high, that it may prevent the practical application of the system in the industry.

The idea behind building a committee of regression models is to improve the accu-
racy of single models by weighting the outputs of particular models, where the sum of
weights equals one. That works, because the bias of the whole committee is of the same
level as biases of particular models, while the variance is smaller or at least not larger
than variances of particular networks [9].

Bagging [10] provides decorrelation between the predictions of committee mem-
bers by training each one on a different dataset, obtained by randomly drawing with
replacement n data points from the original data set. In AdaBoost [10] the probability
of selecting a vector in a next model is higher if the previous model made higher error
on that vector.

Barbosa [11] used a population of feed-forward neural networks, which was evolved
using the Clonal Selection Algorithm and the final ensemble was composed of the se-
lected subset of the neural network population.

Chen and Yao [12] proposed a Negative Correlation Learning, which introduces a
correlation penalty term to the cost function of each network so that each network min-
imizes not only its mean square error (MSE) but also the correlation with other net-
works. They used and evolutionary multi-objective algorithm to optimize the networks
in the ensemble.

Baruque and Corchado [13] instead of combining directly the results, formulated a
single resultant model of the SOM networks, where the neurons composing the map
were obtained as the fusion of neurons from different maps that are considered close
enough to be fused into one.

The M5 [14] algorithm is a greedy top-down induction method with the following
tree structure: univariate splits and multivariate linear models at the leaves.

Malebra et. al. [15] presented a regression tree model, which at the same time opti-
mizes the split points and the linear regression models not only at the leaves but also at
the upper parts of the tree. It improves the prediction accuracy of the tree but makes the
extracted rules much more complex.

Czajkowski and Kretowski [16] presented an evolutionary induction of decision
trees, where trees are represented as typical univariate trees and each test in a non-
terminal node concerns only one attribute. They initially created a set of decision trees,
each of the only on a part of the whole dataset. Then using genetic algorithms where
randomly selected pairs of trees exchanged some nodes with the whole branch starting
from the node as long as the performance of the best tree was improving.
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In our previous system we used a single regression tree with appropriate data trans-
formations [1] to obtain logical rules depicting the process and a forest of regression
trees

Because of the greedy nature, decision tree induction algorithms may not generate
the smallest possible trees and thus the smallest possible number of rules for a given
problem [17] and that in turns decreases their comprehensibility. For that reason a global
approach can lead to better prediction and smaller size of the tree [16]. And therefore
we use the shifting of split points and evolutionary optimization to obtain more efficient
models.

1.2 Temperature Control in the Electric Arc Furnace

In the electric arc furnace the steel scrap is melted using the electric arc to generate
most of the heat. Additional heat is obtained from gas that is inserted and burnt in the
furnace. The optimal temperature of the melted steel that is to be tapped out from the
furnace is about 1900K, however it must be kept at proper temperature enough long so
that all the solid metal gets melted. If the heating lasts too long, unnecessary time and
energy is wasted and additional wear of the furnace is caused. Modern EAFs have the
melt times of 30 minutes, older ones up to one hour.

The temperature is measured a few times during every melt by special lances with
thermocouple that are inserted into the liquid steel. Every measurement takes about one
minute and in this time the arc has to be turn off and the process suspended. Waste of
time and energy for three or even more measurements is thus quite significant. There
are many problems with the continuous measurement of the steel temperature. The
temperatures are very high and the radiant heat and the electro-magnetic radiation from
the furnace creates major problems for the measuring equipment.

Therefore there was a need to build a temperature prediction system that would allow
us to limit the number of temperature measurements and thus shorten the EAF process.
We previously built a system based on a single regression model [1], as a part of the
whole intelligent system for steel production optimization [18]. However, as our recent
experiments showed, a significant improvement can be obtained with a forest of deci-
sion trees where all the member trees underwent post-training optimization of the split
points or even with w single regression tree, which is build by genetic algorithm-based
optimization of the forest.

2 Methodology

Although it takes some time to build and optimize the model (up to several hours on a
single CPU), the time of training the model is not important in our application, because
the model has to be created only once. When the model allows to shorten the steel
production cycle on average by half a percent, the yearly gain of using it at one electric
arc furnace can be quite significant. Thus what we need is a model that works fast,
is accurate and produces comprehensive logical rules, but which does not necessarily
learn fast.

Two models that we have built are presented in this section: a single tree with genetic
optimization and split point optimization and a forest with split point optimization and
evolutionary optimization of the voting.
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The system works in the following way:

1. Perform data transformations
2. Build tree forest
3. Optimize each tree by shifting the split points -> Ensemble Optimization
4. Perform the ensemble output optimization
5. Perform inter-tree optimization by exchanging the branches -> Genetic Algorithms,

single tree
6. Finally optimize the best tree by shifting the split points
7. Use the best tree for rule prediction and continuous value prediction

2.1 Data Transformation

The presence of outliers and wrong data may dramatically reduce generalization abil-
ities and limit the convergence of training process of any learning algorithm. Proper
data preprocessing is helpful not only to deal with outliers but also to achieve variable
sensitivity of the model in different ranges of input variables. First we standardize the
data before the training, according to the following formula:

xstd =
x− x̄

σ
σ =

√√√√1

k

k∑
i=1

(x− x̄)
2 (1)

and then we transform the data be the hyperbolic tangent function

y2 =
1− exp (−β · y + θ)

1 + exp (−β · y + θ)
(2)

where y is the output value before the transformation and y2 - after. Although one
univariate regression trees do not need the standardization of inputs, because they con-
sider only a single attribute at a time, we perform the standardization, because it is
easier to understand the process and compare the influence of various attributes if the
data is standardized. In practical problems, it is frequently desired to obtain a model
with higher sensitivity in the intervals with more dense data (as it was in our case) or in
other intervals of special interests. To address his issue, we transfer the data through a
hyperbolic tangent function. The other advantage of the transformation is the automatic
reduction of the outliers’ influence on the model. Because if the complexity of our data
and lot of error in particular value measurements, before the values were recorded into
the database it is very difficult to properly apply known outliers removal methods, such
as Edited Nearest Neighbor or others. For that reason we do not do not reject the out-
liers [1], but rather reduce their influence on the final model, because it is frequently
not clear whether a given value is already an outlier or wrong value or is still correct.
The hyperbolic tangent transformation allows for a smooth reduction of the outliers,
because even very big values after the transformation will never be grater than one or
smaller than minus one. However, in the case of multimodal data distribution the data
should be first divided into several single-mode distribution datasets or a more complex
transformation function should be used.
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2.2 Tree Construction and Split Criteria

We use decision trees with univariate non-terminal nodes and at each leaf a multivariate
linear model is constructed using standard regression technique. However, to keep the
model simple, the regression model is limited to only these three attributes, which have
the greatest correlation coefficient with the output value in the node. The non-terminal
nodes are split always into two child notes in a way that maximizes the the purpose o
the parameterization function. To achieve this we had to find such an attribute (feature)
f0 over all possible attributes fi and such a split point s0 of that attribute, which maxi-
mize the variance reduction v for each tree node. In the equation below v0 is the node
variance, i.e. the variance of all vector output values Y in the node. We search for the
optimal split point (s0) iterating over each input feature fj and each value of that fea-
ture j. For that reason the vectors must be sorted in the increasing order of each feature
separately, before the search for the optimal split is attempted. vL is the variance of the
left side of the node (the potential left child) and vR of the right side. After performing
some experiments to find optimal split function (see [1]), we determined that in most
cased the following split criteria is sufficient:

v = v0 − (pL · vL − pR · vR) (3)

where p is the number of vectors in the given node, pL is the ratio of the number
of vectors in the left child node and the total number of vectors in that node (p) and
respectively pR is the ratio in the right mode. The split points determined in this way
do not maximize the variance reduction at the level of a single node, but additionally
enforce rather symmetrical splits such maximizing the performance of the whole tree.
For more see [1]. Nerveless, because of the local search only (at the level of single
nodes) they are not guarantied to be optimal split points and for that reason after the
construction of the decision tree is finished, we will further perform optimization of the
split points, taking into account the global performance of the whole tree.

2.3 Forest Construction

There are ways to improve the prediction ability of a single tree. One of the methods
is to create a forest of trees. In our experiments we used a forest of N=64 trees. The
whole training set consisted each time of a 90% of the total set and the whole model was
tested in 10-fold crossvalidation, each time on the remaining 10% of vectors. From 10
to 30 percent of training vectors (depending on the dataset size) were randomly chosen
to build each of thee trees. Each tree was then tested on the remaining training vectors
and the inverse of MSE achieved on this set was the quality measure of the tree. In
the simplest case the final decision y is taken based a weighted average of the values
predicted by all the trees:

y =

(
N∑
i=1

1

MSEi

)−1 N∑
i=1

yi
MSEi

(4)

In the following sections we present how the decision weighting scheme can be further
optimized.
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2.4 Optimization of Split Points

The idea behind the optimization of the split points is to find a minimum of the error
function, where the arguments of the functions are the split points at every node and
the value of the function is the MSE on the training set. Where the tree was originally
created, the split points at each node minimized the the variance at one pair of nodes (the
child nodes of the current node) but not a global variance on the whole tree. Thus, we
try to minimize the MSE on the whole tree, while keeping its size constant and keeping
constant the attributes that split each node. The split point at one node is shifted to
the next or previous value of the split attribute and then all the subtree that originates
from a given node is recreated. If the MSE decreases - the change is kept, otherwise it
is rejected and a change in an opposite direction is attempted. If an improvement was
achieved by shifting the split points by one distinct attribute value, then another attempt
is made to change the shift about one more value in the same direction. This is done
recursively from the top to the bottom of the the tree.

2.5 Evolutionary Optimization of Forest Decision

The purpose ot the optimization is to find the optimal weights wi by which the output
of particular trees is multiplied in order to obtain the lowest possible error of the value
predicted by the forest y:

y =

(
N∑
i=1

1

wi

)−1 N∑
i=1

yi
wi

(5)

The methodology used in this work is based on the solution presented in [5] to opti-
mize the decision of neural network ensemble. All the trees in the forest are constructed
only once. Only determining the weights wi is an iterative procedure. That makes the
process relatively fast, because it does not require either re-training or re-testing the
decision trees. To find the weights wi, the following algorithm is used:

1. Create a population of N individuals of randomly generated array of weights from
the interval (0,1). Eeach position in an induvidual represents one weight wi by
which the output of the corresponding decision tree is multiplied while determining
the final decision of the forest.

2. When summing the weighted outputs of particular trees in the forest, multiply each
weight wi by a value inversely proportional to MSE error made by the tree on the
test set (as in eq. 3.). Though this step may be omitted, it accelerates the conver-
gence of the algorithm.

3. Calculate the quality of each forest over all test vectors using as the inverse of the
MSE.

4. Four best solutions are preserved and included in the next iteration.
5. The winning forest is determined and in a space of weights wi a randomly chosen

half of the other forests are placed in the minimum along the straight lines connect-
ing the forests with the winner. This idea is partially based on the Self Organizing
Migrating Algorithm presented in [21,22].
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6. The genetic operations of crossover and mutation are performed on the other half
of the forests to generate the next population, as in typical evolutionary algorithms.
A random number of parents (from two to four) are used and a random number
of crossover points (from the number of parents minus one to six) to generate each
child. Multiply crossover frequently performs better than single crossover, however
an optimal number of crossings exists as well as optimal number of parents [23,24].
The value of the fitness function ot the i-th forest fi is expressed by the inverse of
the MSEi for that forest and transformed by the following formula:

fi = max(MSEi − c ·MSEavg, 0) (6)

where MSEavg - is the average MSE in the current population, c starts with 0 and
is gradually increased from iteration to iteration up to 0.9. That allows for including
each forest in the reproduction at the beginning thus now narrowing the population
diversity and promoting the best individuals at the end of the iterations, where most
individuals tend to have comparable fitness and the diversity of the population is
very narrow. The value at a given position in the child individual is the value of the
appropriate parent with a randomly added real number txd where

xd = r · exp−c ∗ x (7)

where x is a random real number from 2 to 100 and r is a random number that can
take three values: -1,0,1. In this way new values can appear in a similar way as in
mutation.

7. Again four best solutions are preserved and included in the next iteration.
8. Repeat steps 3 to 7 as long as a noticeable improvement occurs. In the experimen-

tal section the noticable improvement is defined as the improvement in prediction
accuracy of 0.03

2.6 Construction of the Best Tree with Genetic Algorithms

When the forest is used as a committee of predictive models, no further optimization
of the trees with evolutionary algorithm is performed. The optimization improves the
predictive abilities of the trees in the forest, but it also makes the differences between
particular trees gradually disappear. And the difference between particular committee
members is one of the crucial issues that makes the committee effective. Thus, we use
the evolutionary optimization only to create the best single tree, which is the best way
to obtain comprehensive logical rules.

The optimization method is a modification of the methodology proposed in [16]. The
construction of the forest is the same as presented in the above section. After the forest
is created, we begin the process of evolutionary optimization. First two trees are chosen
randomly with the probability proportional to their fitness function. Then in each of
two trees one node is chosen randomly and subtrees starting in the selected nodes are
exchanged or the tests performed at the nodes are exchanged. Two mutation operators
are used: shifting the splitting threshold (as discussed above) and changing the non-
terminal node into leaf.
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Fig. 1. The idea of exchanging nodes with subtress between two trees

The fitness function value increases if the accuracy of the tree on the test set increases
and it also increases if the size (number of nodes) of the tree decreases. In this way the
trees which are more accurate and smaller are preferred.

fitness =
accuracyp

treeSizer
(8)

where the exponent p starts with 1 at the beginning of the optimization in order
to keep high variability in the population and is gradually increased to speed up the
algorithm convergence at the final stage. Tree size has self-optimization properties to
a certain degree, because too big trees have poor generalization and therefore their
accuracy on the test set falls down. However, we use this parameter to prefer a smaller
tree from two trees of the same accuracy. r is between 0 and 1. If more accurate trees
are desired r should be closer to 0 if simpler then r should be close to 1. The split point
optimization of the best tree is performed using the same approach as for any tree in the
forest optimization.

2.7 Combining the Final Decision

In the terms of accuracy obtained in the experiments, the single best tree after evolu-
tionary optimization performed only slightly poorer than the forest, but because of the
comprehensibility of the logical rules it maybe the preferred model. Actually we present
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the user with the value predicted by the forest, the value and the rules predicted by the
single best tree and suggest that the final prediction of the model that should be used is
the average of the forest predicted value and the single best tree predicted value.

3 Experimental Evaluation

3.1 Experimental Methodology

In this section we compare our methods (called in Table 1 "optimized tree" and "optim-
mized forest") to a single regression tree without optimization, to a forest of regression
trees without optimization, an MLP network, and a hierarchical committee of MLP
networks.

The regression tree and forest were constructed as described in our paper presented at
the previous HAIS conference [1]. The single MLP neural network had the structure n−
n−1, where n is the number of attributes and was trained with the VSS algorithm [25].
In the hierarchical MLP Committee, the whole dataset was split into several clusters,
with a hierarchy of clusters, where the clusters of higher levels contained the clusters of
lower levels. Several neural networks were created and trained for each cluster, using
bagging to select the vectors. Then an evolutionary algorithm was used to decide how
a final decision of the committee must be evaluated based on the test vector properties
and on particular neural network responses [5].

We created software that implements all the methods in C#, Java and Delphi lan-
guages and made it available together with the datasets used in the experiments from
our web page at [19]. All the methods were run in a 10-fold crossvalidation.

The experiments were performed with the following parameters that limited the tree
size:

– minimum node variance: 0.002
– minimum number of instances in the current node: 2% of the number of instances

in the training dataset
– minimum number of instances in a child node: 0.5% of the number of instances in

the training dataset
– maximum number of levels in the tree: 24

3.2 Datasets

We used three datasets depicting the metallurgical problem; one of them refers to the
temperature prediction in the EAF process as described in the introduction, one refers to
predicting the amount of carbon and one of silicon to be added in the steel refinement
process. The other datasets are the Crime, Concrete and Parkinson datasets from the
UCI Machine Learning Repository.

The UCI Datasets. We used in the experiment three datasets from the UCI Machine
Learning Repository: Concrete Compressive Strength, Parkinsons Telemonitoring, and
Crime and Communities [26].

Steel-Carbon and Steel-Silicon. The datasets come from a real metallurgical process
at the phase of refining the melted steel in a ladle arc furnace to achieve desired steel
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Table 1. Experimental results; mean square error (MSE) and standard deviation in 10-fold cross-
validation

dataset
single tree opt. opt. single committee
tree forest tree forest MLP of MLP

Concrete
MSE 0.153 0.121 0.133 0.120 0.142 0.120

std. dev. 0.020 0.018 0.015 0.015 0.015 0.014

Crime
MSE 0.35 0.30 0.32 0.26 0.30 0.28

std. dev. 0.04 0.04 0.03 0.03 0.03 0.03

Parkinsons
MSE 0.105 0.092 0.094 0.088 0.088 0.084

std. dev. 0.025 0.022 0.025 0.018 0.028 0.018

Steel-C
MSE 0.140 0.122 0.122 0.110 0.118 0.110

std. dev. 0.017 0.015 0.015 0.012 0.015 0.011

Steel-Si
MSE 0.098 0.072 0.072 0.074 0.095 0.078

std. dev. 0.012 0.014 0.011 0.013 0.015 0.012

Steel-Temp
MSE 0.70 0.60 0.58 0.54 0.57 0.51

std. dev. 0.08 0.06 0.06 0.05 0.09 0.05

properties. The inputs variables represent various measured parameters, such as tem-
perature, energy, amount of particular elements in the steel etc. The amount of carbon
or silicon that should be added to the steel refinement process is the output variable.
The datasets was standardized, only 12 attributes in the Steel-Carbon dataset and 26
attributes in the Steel-Silicon data were left from the original dataset with over 100 at-
tributes and the names of 12(26) input attributes were changed to x1 . . . x12(26). There
are 1440 instances in both datasets. The datasets are available from [19].

Steel-Temperature. The dataset comes from a real metallurgical process at the phase
of melting the steel scrap in the electric arc furnace. The inputs variables represent
various measured parameters, such as temperature, energy, amount of gases, etc. The
temperature of the liquid steel is the output variable. The data was standardized, only 14
attributes were left from the original dataset with over 100 attributes and the names of
14 input attributes were changed to x1 . . . x14. There are 7400 instances in the dataset.
The dataset is available from [19].

3.3 Experimental Results

In regression and classification problems, there is no single model which is best for all
datasets and models must be chosen for a given task. However, an advantage of decision
trees is that it is easy to understand and follow the process of decision making. And that
is an important factor is safety-critical applications. Although the hierarchical commit-
tee of MLP networks usually performed slightly better than the optimized tree, it did not
allowed for extracting logical rules, in the same way as the forest of decision trees did
not allow for extracting logical rules. Thus, it cannot be arbitrarily stated that a model
with a lower MSE error is always better and in our method to construct the optimized
tree we tried to obtain the best possible accuracy with the maximum comprehensibility
of the rules.
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4 Conclusions

This paper presents an approach to decision tree optimization for regression tasks with
a practical application in metallurgical industry. The application of the system requires
from it to provide at the same time high prediction accuracy and comprehensive logical
rules which explain the decision made by the system. We used the split criteria and
the data transformations, which we already described in our previous work, presented
at the HAIS 2011 conference. However, previously we used the tree as a part of com-
plex hybrid system together with other predictive models. In order to simplify the final
model and increase their comprehensibility, we tried to design such an effective opti-
mization of the trees, so that the decision trees could be used as the only models. This is
achieved by a post-training optimization of the decision tree obtained with a combina-
tion of local search (while shifting the split points) and global search with evolutionary
methods (exchanging tree branches and node tests). The leaves of the tree implement
linear regression models with limited number of attributes to simplify the equations. In
this way we attempted to avoid local optima, which are really what tree induction al-
gorithms optimize. That allowed improving the tree accuracy and generalization while
together with reducing the tree size and thus the transparency of the obtained logical
rules. Although the accuracy for the metallurgical problems is still lower than the accu-
racy obtained with a complex hierarchical system of neural networks, it is much higher
than that obtain with the basic decision tree and it still allows for simple logical rule
extraction. The system can also be used as a part of a hybrid system with the neural
network committee which had the highest accuracy.

The system is being applied in production environment to predict the temperature of
steel in the electric arc furnace and thus shorten steel production cycle and decrease the
costs at one of the steelworks in our country.
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Abstract. Standard development process of a product involves several
CAE and CAD analyses in order to determine parameter values satis-
fying technical product specifications. In case of nonlinear behavior of
the system, the computational time may quickly increase. In the cur-
rent study, a new methodology that integrates Neural Networks (NN)
and Genetic Algorithms (AG) is introduced to analyse virtual models.
The proposed tool is based on different computational , mathematical
and experimental methods that are combined together to distil a single
tool that permits to evaluate in a few seconds how behaviors of certain
product vary when any design parameter is altered. As example, the
methodology is applied to adjust design parameters of an exhaust sys-
tem, showing same accuracy range than FEA, but strongly reducing the
simulation time.

Keywords: Virtual Engineering, Neural Networks, Genetic Algorithms.

1 Introduction

Product design is a complex decision-making process usually requiring intense
interaction between designers and the designed product. According to the tradi-
tional iterated design process, linking high fidelity models, numerical optimiza-
tion and human interaction is expensive and time consuming. In recent years
many efforts are under way to determine a very effective virtual engineering
and planning process. Computer simulations and analysis enable to save time
developing products and processes while reducing global validation costs and
increasing quality. Organizations involved in product design and manufacturing
are progressively moving from the traditional ”trial and error” cycle approach
to virtual simulation, mainly supported by Computer Aided Engineering (CAE)
and Computer Aided Design (CAD) tools.

In this context Neural Networks (NN) offer an attractive solution to complex
engineering design problems. Parra et al. [1,2] proposed a tool based on NN
to reduce the probability to suffer squeal noises, due to coalescence of natural
frequencies among different brake components, at the design stage of the product.
Indeed, after the teaching - learning process, the NN is capable of offering design
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decisions oriented to influence the avoidance of certain ”dangerous” frequency
modes.

Despite the great activity and investigations during last decades, the design of
NN for specific applications is still a test and error process, depending mainly on
previous experience in similar applications [3,4]. Given a set of training examples,
there is probably an infinite number of different networks that can learn to map
input patterns into output patterns.

In general, network topology affects network training, generalization and learn-
ing time. Experience has shown that larger networks tend to overfit the training
data, producing a poor generalization, while overly small neural networks lose
the capacity to learn [5,6]. A large neural network requires, generally, more com-
putational time than a smaller one. Furthermore, a smaller network it is usually
more desirable for model understanding.

Currently there are no formal methods for directly selecting networks archi-
tecture, which remains a very complex task.

Evolutionary computation is a set of global optimization techniques that have
been widely used in the last few years for training and/or automatically designing
neural networks [7,8]. Historically, Genetic Algorithms (GA) [9] and evolutionary
programming [10] are two broad categories of evolutionary computation. The
main difference between these two categories is based on the representation of
the populations and on the generation to generation alterations.

During the last decades GA has been introduced for solving complex engi-
neering design problems. Jenkins [11] and Hajela [12] solved structure optimum
problem using GA; Rao [13] solved optimum problem of actively controlled struc-
tures; Deb [14] applied GA in optimal design of a welded beam; Hajela and Lin
[15] introduces GA to multi-criterion optimal design.

At this paper a new methodology, based on the integration of GA with NN,
is introduced for solving complex engineering design problems. The aim of this
development is to provide designers with a tool that can be used to select the
best possible solution for a given product in a short period of time.

The structure of the paper is as follows. In the next section, the proposed
methodology is presented. In section 3 the method is used to adjust design
parameters of an exhaust system as study case. The objective is to provide results
that differ no more than 5% in accuracy compared to FEA models. Conclusions
and further works are drawn in the last section.

2 Experimental Design

The proposed methodology can be divided into the following steps:

a) Parametric FEM model creation
Data sets for NN training can be obtained by tests or FEA simulations. In
order to reduce products development time, FEA cases are used for training.
A parametric model including FE model (elements, nodes, material properties,
boundary conditions, load cases . . .) and model variants has been created. De-
pending on model complexity, the number of cases may become large, then it
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is useful to program automatic analysis input process and data post processing.
A MSC PATRAN PCL program has been designed. It permits to automatically
create the analysis input files which, in turn, reduces the processing time through
a loop process:

– Import original CAD model file. The original geometry is imported into MSC
PATRAN pre-postprocessor.

– FE model creation.
– Material model and properties creation. The material models and parameters

are defined. After this, PCL applies the properties to each part of the model.
– Load case definition.
– Analysis files creation. The PCL creates an analysis input file in each cycle.

b) Producing training samples

To make the Neural Network the most efficient as possible, DOE (Design Of Ex-
periments) techniques are used for a proper distribution of study cases. Different
values are assigned to each of the selected parameters through the parametric
FEM model. Thus, the analysis strats in batch mode using MSC NASTRAN
2008r2. As a result of this process the PCL permits to obtain the NN analysis
cases. The PCL creates each model in few seconds and generates all files in some
hours.

c) NN design

Such network must sutisfy some requirements: it must learn the input data,
it must generalize and it must have the minimum size allowed to accomplish the
first two tasks. The hybrid algorithm employed for the automatic generation of
NN develops the following steps:

1. Create an initial population of neural networks with random topologies. A
standard population size of twenty is used. Backpropagation NN type has
been selected. Each neural network has hidden layers of sigmoid neurons and
one linear output layer. Once the number of hidden layers has been fixed,
the number of nodes of each of them is determined as a random number
bigger than zero and less than a defined maximum. Initial weights range is
randomly determined.

2. Train each individual. As previously mentioned, it is possible that the net-
work ends up overfitting the training data, if the training session is not
stopped at the right time. It is possible to identify overfitting using crossed
validation [16]: the training cases are split into training subset and validation
subset. The training subset is used in the usual way, but the training session
is periodically stopped to evaluate the network with the validation set.

3. Select parents from the population. This algorithm applies a roulette wheel
selection. The fitness function integrates the validation error: the aptitude
function is given by the number of correlated validation cases penalized with
the ratio of the number of hidden neurons and the maximum number of
hidden neurons.
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4. Recombine both parents to obtain two children. A one point crossover which
operates on chains of genes representing hidden nodes is implemented.

5. Mutate each child randomly. The mutation operator maintains genetic di-
versity in the population. The mutation rate decreases with the number of
generations, allowing to explore the whole search space at the beginning and
to favour convergence at the end.

6. Train each child.
7. Replace childrens into the population.
8. Repeat from step 2 for a given number of generations. Hundred generations

are carried out.

In order to evaluate the generalization ability of the resulting architecture, the
NN is tested with a new set of data. The algorithm is implemented in MATLAB
code. MATLAB neural network toolbox is used.

3 Experimental Results

In order to assess the efficiency of the proposed methodology, the algorithm is
applied for adjusting design parameters of a vehicle exhaust system, replacing
the traditional CAD and CAE calculations cycle. The exhaust system behavior
is strongly dependent on rubber hangers. Its design needs to have into account
variables as hanger’s position, shape and material that might influence vibra-
tion transmission from the engine to the vehicle body. In product development
process, these variables must be defined to cope with technical specifications,
including displacements and vibration damping.
As a first step, hanger parameters related to material and shape are determined
in case of static non linear responses (displacements, stress, strain and con-
straints reaction forces in the presented application).
In the present approach, the NN training data has been obtained by FEA simu-
lations. Exhaust system consists of two main parts: the exhaust, whose behaviors
are lineal, and rubber hangers, which introduce non linearity at the system. In
order to model rubber hangers non linearity,a packet of three coaxial springs is
considered, each one caracterized by the following parameters:

– linear stiffness,
– offset between spring and point of force application,
– preload.

The packet’s behavior remains reflected in a non linear Force-Displacement
curve, also called non linear stiffness curve. The offset and preload parameters
permit to define different non linear stiffness curves.
In this paper two non linear stiffness curves have been considered, see Fig. 1,
according to the parameters values showed in Table 1. Each non linear stiffness
curve is obtained with the formula

Force = Stiffness · (Displacement + Preload−Offset). (1)
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Table 1. Springs parameters

Spring
Stiffness
(N/mm)

Offset
(mm)

Preload
(mm)

Case 1 Case 2 Case 1 Case 2

1 12 0 0 0 0

2 25 4 8 5 5

3 38 6 10 5 5

Fig. 1. Two non linear stiffness curves

As mentioned above, the exhaust system vibration might cause discomfort. For
this reason vertical load at strategic points are considered. Besides, boundary
conditions are selected to make the system sensitive to the applied forces: at the
entry of the exhaust pipe, movements are restricted by a cylindrical hinge with
rotation axis along Y, so that displacement in the three directions and rotation
in the X and Z direction are zero; the free end (opposite to that is attached to
the exhaust pipe) of the hangers is fitted, so that displacement and rotation in
all directions are zero.

The exhaust pipe and the hangers are modeled using linear SHELL QUAD4
and linear CBAR 1D BEAM type elements respectively, as showed in Fig. 2. The
element size objective is 4 mm. These mesh options define good quality models
for the analysis included in the project.

To assure accuracy of the results of the NN, the experimental validation of
the FE model becomes necessary. As previous step, upper and lower Force-
Displacemente curves were definined, as well as maximum and minimum applied
forces. Thus, several specimens’ tests permitted to corroborate the model under
intermediate and extreme parameters values.

To make the NN as efficient as possible DOE techniques are used for a proper
distribution of study cases. Full factorial design includes one of possible combi-
nation that takes into account the influence of all variables in model response.
Training data are built considering the stiffness of rubber hangers described by
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Fig. 2. FEM model details

Fig. 3. Applied forces location (P1 and P2), rubber hangers position (H1 and H2) and
point location for comparison results (P3)

the same curve or by the two different curves and the load cases varying into the
range [0, 500] N. In this case the input layer is defined by six neurons (non linear
stiffness of rubber hangers (H1 and H2) characterized by two parameters that
define force-displacement curves for each of them; applied forces at two different
points of the exhaust (P1 and P2), Fig. 3). The output layer, on the other hand,
is determined by ten neurons (constraints reaction forces in hangers (H1 and
H2); displacements (in Z direction) of hangers (H1 and H2); maximum local
stress, strain and displacements at a point (P3), Fig. 3).

Four hidden layers networks are considered. The maximum number of neu-
rons is 60. The network population is trained with the Levenberg-Marquardt
algorithm [17].

The resulting structure is (10, 10, 10, 10) network. Table 3 shows testing errors
comparison obtained with FEA and network analysis.

The comparison is done taking into account stress, σx, and displacement, dz ,
values at the point P3. For all cases the relative error is below 5%, so that the
evolutionary NN is able to predict the exhaust system response. Furthermore
the computational time is strongly reduced: FEA needs 1.25 hours to solve each
case, while the designed NN can simulate the same model in just two seconds.
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Table 2. FEA and NN analysis results comparison

TEST DATA INPUTS FEA NN Δ(FEA-NN)

N◦ H1 − 2 points
(mm)

H2 − 2 points
(mm)

F1
(N)

F2
(N)

dz
(mm)

σx
(MPa)

dz
(mm)

σx
(MPa)

dz
(%)

σx
(%)

1 8, 10 8 , 10 45.00 180.00 9.74 39.36 10.06 40.96 -3.29 -4.08
2 8, 10 8 , 10 67.50 270.00 11 50.9 11.33 52.65 -3.00 -3.42
3 8, 10 8 , 10 90.00 360.00 12.23 61.02 12.56 62.80 -2.70 -2.92
4 8, 10 8 , 10 112.50 450.00 13.57 68.22 13.90 70.08 -2.43 -2.72

5 8, 10 4 , 6 45.00 180.00 9.42 46.72 9.72 48.24 -3.18 -3.25
6 8, 10 4 , 6 67.50 270.00 10.69 58.53 11.06 60.29 -3.46 -3.01
7 8, 10 4 , 6 90.00 360.00 11.99 67.37 12.37 69.28 -3.17 -2.84
8 8, 10 4 , 6 112.50 450.00 13.18 76.42 13.55 78.25 -2.81 -2.39

9 4, 6 8 , 10 45.00 180.00 6.71 25.59 6.56 24.97 2.24 2.42
10 4 , 6 8 , 10 67.50 270.00 7.95 36.61 7.81 35.95 1.76 1.82
11 4, 6 8 , 10 90.00 360.00 9.51 47.75 9.36 47.14 1.58 1.27
12 4 , 6 8 , 10 112.50 450.00 10.96 55.54 10.80 54.75 1.46 1.43

13 4 , 6 4 , 6 45.00 180.00 6.39 33.09 6.30 32.55 1.41 1.63
14 4, 6 4 , 6 67.50 270.00 7.65 44.43 7.54 43.90 1.44 1.19
15 4 , 6 4 , 6 90.00 360.00 9.10 53.75 8.99 53.24 1.21 0.95
16 4, 6 4 , 6 112.50 450.00 10.70 63.93 10.58 63.21 1.12 1.13

4 Conclusions

A new virtual engineering tool based on integration of NN and GA has been
investigatedwith the objective of reducing physical tests on prototypes, helping
designers to select the best design alternative within a short time.
In this paper the method is applied to adjust design parameters of an exhaust
system responsible of a certain non linera static response.
Benefits of the proposed methodology depend on each specific case, but generally
they can be measured in terms of:

– Calculation time: Very short (seconds) compared to the development of new
FEA analyses for each study (hours).

– Reliability: Results from the NN program are generally within a 5% error
range compared to FEA analyses.

– Availability: Program can be used by anyone in the company. No specific
knowledge or training on FEA is required.

– Knowledge: The program can be used as a knowledge repository where one
can look for the best design.

– Cost: The number of prototypes and tests can be reduced by analyzing in
advance the NN ouputs and selecting the right design.

In this approach GA works with NN having same number of hidden layers.
As a continuation of this work, it is intended to consider a NN family with
different number of hidden layers. It would also be interesting to examine how
the methodology performs with non linear dynamic structural analysis.
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Abstract. With the recent raise of fast-growing biological databases,
it is essential to develop efficient incremental learning algorithms able
to extract information efficiently, in particular for constructing protein
prediction models. Traditional inference inductive learning models such
as SVM perform well when all the data is available. However, they are
not suited to cope with the dynamic change of the databases. Recently, a
new Incremental Hypersphere Classifier (IHC) Algorithm which performs
instance selection has been proved to have impact in online learning set-
tings. In this paper we propose a two-step approach which firstly uses
IHC for selecting a reduced data set (and also for immediate prediction),
and secondly applies Support Vector Machines (SVM) for protein de-
tection. By retaining the samples that play the most significant role in
the construction of the decision surface while removing those that have
less or no impact in the model, IHC can be used to efficiently select a
reduced data set. Under some conditions, our proposed IHC-SVM ap-
proach is able to improve performance accuracy over the baseline SVM
for the problem of peptidase detection.

Keywords: Incremental Learning, Support Vector Machines, Incremen-
tal Hypersphere Classifier, Protein Membership Classification.

1 Introduction

The study of proteins plays a prominent role in understanding many biological
systems. In particular, predicting protein membership based on unidentified se-
quences is an actual and relevant task for which huge amounts of data already
exist. Batch learning algorithms are unable cope with large scale datasets that
are becoming pervasive in many domains. Specifically, the growing rate of bio-
logical databases demands for incremental learning algorithms that can quickly
update their models to incorporate new information.

The classification of protein sequences into functional and structural groups
based on sequence similarity is a contemporary and relevant issue in the bioin-
formatics domain [7]. However, despite all the energy spent into deciphering the
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proteomes the available knowledge is still limited. Thus, our focus consists of
extracting relevant features from the proteins primary structure, and to design
a protein prediction membership model able to face the everyday challenges.

In this context, we propose to use a new incremental algorithm Incremental
Hypersphere Classifier (IHC) as the first step for learning new incremental data,
and then to use Support Vector Machines (SVM) for final protein classification.
The easiness of the proposed approach IHC-SVM will be demonstrated through-
out the paper. The IHC is an instance based algorithm that retains the samples
that play the most significant role in the construction of the decision surface
(given the available memory) while removing those that have less or no impact
in the model. A major advantage of this algorithm relies on the possibility of
building models incrementally on a sample-by-sample basis while accommodat-
ing restrictions in terms of memory and computational power. Moreover the
interpretability of the resulting models makes IHC particularly suited for han-
dling the problem of protein classification.

The remainder of this paper is organized as follows. The next section describes
the related work. Section 3 describes the Incremental Hypersphere Classifier
(IHC) algorithm, and presents the proposed learning framework approach IHC-
SVM. Section 4 presents the datasets, explains the preprocessing steps, describes
the evaluation metrics, and discusses the results. Finally, section 5 gives the
conclusions and points out future lines of work.

2 Related Work

Peptidases are proteolytic enzymes that catalyze chemical reactions, allowing the
decomposition of protein substances into smaller molecules. They are involved
in several processes crucial for the correct functioning of organisms. Their im-
portance is proved by the fact approximately 2% of all genes encode peptidases
and their homologues in all kinds of organisms [11].

The Support Vector Machine (SVM) is an approaches from the machine
learning techniques based on the statistical learning theory [13]. This kernel
formulation has been highly successful in solving both classification and regres-
sion problems, building discriminative models that combine high accuracy with
good generalization qualities. Because of this, SVM have been widely applied in
(static) classification of biological data including sub-sequence cellular prediction
or protein sequence classification [4,10,12].

Due to the ever increasing biological databases a fast response for protein clas-
sification prompts the need for algorithms able to handle incremental learning.
There are two main approaches for incremental learning [6]. One approach con-
sists of using a single model that is dynamically updated as new data becomes
available. The other is a hybrid batch-incremental approach, that relies on sev-
eral models built using batch learning techniques. New models are continuously
being created by using only a small subset of the data. As more reliable models
become available they replace the older and obsolete ones. Some of the hybrid
approaches rely on a single model while others use an ensemble of models [6]. In
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the next section we describe a new incremental learning algoritm (IHC) which
offers advantages to the problem of peptidases classification, in particular, when
combined with SVM.

3 Incremental Learning Framework

3.1 IHC algorithm

The Incremental Hypersphere Classifier (IHC) is a new incremental instance-
based learning algorithm which exhibits advantages in terms of multi-class sup-
port, complexity, scalability and interpretability while providing good classifi-
cation results [5]. Basically, it assigns a region of influence to each sample, by
which classification is achieved. Let us consider that a training sample i consists
of an input vector xi ∈ IRd with an associated class label yi ∈ {1, . . . , C}, where
d is the space dimension and C is the number of classes. The region of influence
of sample i is then defined by an hypersphere of radius ri, given by (1):

ri =
min(||xi − xj ||)

2
, for all j where yj 
= yi . (1)

Each hypersphere will occupy as much space as possible provided that hy-
persphere’s belonging to different classes do not overlap. New data points are
classified according to the class of the nearest region of influence (not the near-
est sample). Let xk represent an input vector whose class yk is unknown. Then,
sample k belongs to class yi (yk = yi) provided that:

||xi − xk|| − gairi ≤ ||xj − xk|| − gajrj , for all j 
= i . (2)

where g (gravity) controls the extension of the zones of influence, increasing or
shrinking them and ai is the accuracy of sample i which is given by (3):

ai =
tpi

tpi + fpi
. (3)

In the aforementioned equation, tpi and fpi represent respectively the number of
true and false positives classified by sample i. Each sample, i, classifies exclusively
itself and the forgotten training samples for which i was the nearest sample in the
memory. A forgotten sample is one that has either been removed from memory
or did not qualify to enter the memory. Hence, the accuracy is only updated
when the memory is full. In such scenario, at each iteration, the accuracy of a
single (nearest) sample is updated, while the accuracy of all the others samples
remains unmodified.

The accuracy is the first mechanism of defense against outliers. As it decreases
so does the influence of the hypersphere associated. This effectively reduces the
damage caused by outliers and by samples with zones of influence excessively
large.

Figures 1(a), 1(b) show the regions of influence and the corresponding decision
surfaces generated by IHC for a chosen toy problem before and after the addition
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p2p1

(a) Before adding a new sample.

n

p2p1

(b) After adding a new sample.

Fig. 1. Regions of influence and decision surfaces generated by IHC for a toy problem

of a new sample, n (considering g = 1). Notice that adding a new sample might
affect the radius of the samples already in the model (in this particular case p1
and p2).

The farthest from the decision border an hypersphere is, the larger its radius
will be. This provides a simple method for determining the relevance that a
sample has in the classification task: samples with smaller radius (ri) are more
important to the classification task than those with bigger radius. When the
memory is full, the radius of a new sample is compared with the radius of the
nearest sample of the same class and the one with the smallest radius is kept
in the memory while the other is discarded. By doing so, we are keeping the
samples that play the most significant role in the construction of the decision
surface (given the available memory) while removing those that have less or no
impact in the model.

Unfortunately, outliers will most likely have small radius and end-up occu-
pying our limited memory resources. Thus, although their impact is diminished
by the use of the accuracy in (2), it is still important to identify and remove
them from memory. To address this problem we mimic the process used by the
IB3 (Instance-Based learning) algorithm, which consists of removing all samples
that are believed to be noisy by employing a significance test [14,1]. Confidence
intervals are determined both for the instance accuracy (not including its own
classification, unlike in eq. (2)) and for the relative frequency of the classes [1].
The instances whose maximum (interval) accuracy is less than the minimum
class frequency (for the desired confidence level – typically 70%) are considered
outliers and consequently dropped off.

To cope with unbalanced datasets and avoid storing a disproportionate num-
ber of samples for each class, the algorithm assumes that the memory is divided
into C groups.
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3.2 Proposed IHC-SVM Learning Framework

We propose a two-step learning approach which firstly uses IHC for selecting
a reduced data set and secondly applies Support Vector Machines (SVM) for
protein detection. By retaining the samples that play the most significant role in
the construction of the decision surface while removing those that have less or
no impact in the model IHC can be used to efficiently select a reduced dataset.

Our IHC-SVM learning framework works as follows: as new data becomes
available IHC is used to create a new model or to update an existing one. As
mentioned before, this can be accomplished incrementally on a sample by sample
basis. Since IHC is an instance-based algorithm it could also be used as an
instance selection algorithm. Thus, we can periodically check if the IHC model
has changed and use the samples that constitute the IHC model to create more
robust models. To this end, we can use state of the art batch algorithms, such
as the Support Vector Machines (SVM) algorithm, that otherwise could not
be applied to all the data, due to processing power and memory constraints.
Figure 2 depicts the resulting learning framework.

Peptidases
dataset

IHC

incremental new data

IHC model

create/update

Reduced
Dataset

instance

selection
SVM

batch data

IHC-SVM model

IHC-SVM vs. Baseline SVM

Fig. 2. Proposed Learning Framework

By combining incremental and batch algorithms in the same framework, we
expect to obtain the benefits of both approaches while minimizing their disad-
vantages. Namely, we expect the proposed framework to be able to cope with
extremely large, fast changing, datasets while retaining state of the art classifi-
cation performance.
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4 Experimental Setup

In this section we start by describing the problem of protein membership pre-
diction (see Section 4.1). The data pre-processing is then covered in Section 4.2.
Section 4.3 presents the evaluation metrics. Section 4.4 analysis and discusses
the results.

4.1 Experimental Datasets

Peptidases are a class of enzymes that catalyze chemical reactions, allowing the
decomposition of protein substances into smaller molecules. They are involved in
several processes crucial for the correct functioning of organisms. Its detection
is central to a better understand of their role in a biological system. For the
purpose of peptidase detection a benchmark dataset was constructed using the
MEROPS [11] and the SCOP [8] databases. From those databases, 20778 pro-
teins sequences were collected, 18068 positive samples from MEROPS 9.4 and
2710 sequences non peptidase from SCOP 1.75, both being randomly selected.
This benchmark dataset was previously used and described in Pereira et al. [9].

The dataset has been divided in two groups, 17164 sequences for training
(15358 positive and 1806 negative examples) and 3614 sequences for testing
purposes (2710 positive examples and 904 negative). The sequences were ran-
domly selected from the complete dataset. We specifically choose a relatively
small dataset, so that we could optimize the baseline SVM algorithm parame-
ters in order to guarantee the validity of the comparisons between the proposed
approach and the baseline.

4.2 Pre-processing

The features of the protein primary structure were extracted from the dataset
using text mining techniques [3]. The idea behind is to split the continuous
flow of amino acids in substrings (n-grams) of length (n) – The n-grams are
formed by n consecutive characters and each one corresponds to a feature in a
particular sequence. As an example, considering the partial sequence ’PKIYGY’,
the trigrams would be ’PKI’, ’KIY’, ’IYG’ and ’YGY’.

The unigrams, bigrams, trigrams and the combinations of those n-grams have
been considered in this study for feature selection. In order to implement the
extraction of those features the WVTool library [15] has been used. This Java
library provides a simple and flexible implementation to create a vector repre-
sentation. That representation is formed by a two dimensional vector where each
line corresponds to a given protein sequence and each column represents an n-
gram. In our case, we used three steps of the WVTool vectorization process, (i)
the processing step in order to load and process the local files with the protein
sequences, (ii) the tokenizer for n-gram extraction and the step for create the
word vector and (iii) compute the relevance of each n-gram.

There are quite a lot of methods for compute the relevance of each feature,
such as binary occurrence, term occurrences, term frequency and more. In this
work, the chosen metric was the term frequency (tf) defined as (4):
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tfij =
fi,j
fdj

(4)

where fi,j is the number of occurrences of feature i in the sequence j and fdj is
the sum of the number of occurrences of all the features in sequence j.

4.3 Evaluation Metrics

For evaluating the performance of the classifiers and asserting its quality, we use
the F-measure score (expressed as percentage). The F-measure is based on the
precision and recall, which in turn are based on a confusion matrix. A confusion
matrix contains the number of correctly and incorrectly classified examples for
each class.

The precision and recall, are given respectively by (5) and (6):

precision =
tp

tp+ fp
. (5)

recall =
tp

tp+ fn
. (6)

A classifier presenting a high precision is rarely wrong when it predicts that a
sample belongs to the class of interest (positive). While a classifier presenting a
high recall rarely misclassifies a sample that belongs to the class of interest. Usu-
ally there is a trade-off between precision and accuracy and although there are
cases where it is important to favor one in detriment of the other, for most prob-
lems it is important to balance and maximize both. This can be accomplished
by maximizing the F-measure score, given by (7):

F -measure = 2× precision× recall

precision+ recall
. (7)

4.4 Results and Discussion

To demonstrate the validity of the proposed approach we present the results
which were obtained by performing the experiments using a Core 2 Quad Q
9300 2.5 GHz CPU. Moreover, in our study the well-known LIBSVM [2] version
3.1 has been used, since this library implements various SVM formulations for
classification, regression and distribution estimation.

In Lopes and Ribeiro [5] we have shown that the complexity of IHC is O(2dN).
Thus, we can control the computational power that IHC requires, simply by ad-
justing the amount of memory (N) that the algorithm is allowed to use. Figure 3
shows the time required to update the IHC model, after the number of samples
in the memory is stabilized. Prior to that, the time required is much smaller.
Note that the number of samples actually stored is inferior to N because the
training dataset is strongly unbalanced. Since IHC divides the available memory
by C classes (see Section 3.1), the number of samples stored in memory for the
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Fig. 3. Average time required to update the IHC model (with a new sample)

non peptidase class will be at most 1806. Thus, for N = 20000 the actual number
of samples stored will never exceed 11806.

To define a baseline of comparison, we started by computing the performance
of the SVM algorithm which is a state of the art batch algorithm for classifica-
tion. For this purpose, several kernels and parameters (using grid search) were
tried using 5-fold cross validation on the training dataset in order to determine
the best possible configuration. Specifically we found the best configuration to
use an RBF (Gaussian Radial Basis Function) kernel with parameters γ = 0.4
and C = 100. Adopting the specified configuration we obtained macro-average
F-measure for the test dataset of 95.91%. The same configurations were used to
train the SVMs in the proposed (IHC-SVM) approach.

We tested both the IHC and the IHC-SVM approach for the concerned prob-
lem, using parameters g = 1 and g = 2 which have demonstrated to yield good
results in Lopes and Ribeiro [5]. Based on the information collected, we set g = 2.
Figure 4 show the macro-average F-measure for both the IHC algorithm and for
IHC-SVM approach, using the specified parameter.

Incremental algorithms, such as the IHC have no access to previously pre-
sented data and no control on the order in which the data is presented. With
this constraints, we cannot expect their performance to match those of batch
algorithms. Despite that, the IHC is able to achieve an F-measure of 93.73%. A
working version of the IHC algorithm for peptidase detection can be found in
http://193.137.78.18/ihc/.

http://193.137.78.18/ihc/
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Notice that when the number of samples stored (tied directly to N) is too
small, the resulting models will be unable to capture the underling distribution
of the data (under-fitting), since we will only be able to store a fraction of
the samples that define the decision frontier (see Figure 4). In such situation
the IHC algorithm performs better than the IHC-SVM approach. This might
seem strange at first, however the explanation is quite simple: while the SVM
algorithm has only access to the instances selected by IHC, the latter had access
to the whole dataset (although in a sample by sample basis and not in the desired
(optimal) order) and thus it able to use the additional information to construct
better models. As N grows, the number of stored samples gets larger and as
a result, the number of forgotten samples declines. Since these are essential to
reduce the damage caused by outliers and by samples with zones of influence
excessively large we will end-up with over-fitting models, concerning the IHC
algorithm. However, the IHC-SVM approach is not affected in the same manner,
since the SVM algorithm is able to create better models with the additional data
supplied by IHC. In fact, in this situation the proposed approach (IHC-SVM)
even works better than the baseline batch SVM. This provides evidence that
the process used by IHC to determine the relevance of each sample and decide
which ones to retain and which ones to discard is efficient.

Table 1 shows the gains of the proposed incremental-batch approach (IHC-
SVM) over the baseline batch approach (SVM). Note that, the IHC-SVM ap-
proach is able to excel the baseline (SVM) approach using only a subset of the
data. With roughly 50% of the original data (8806 samples out of 17164) it is
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Table 1. IHC-SVM compression ratio and classification improvement over the baseline
(SVM).

Number of samples Compression F-Measure

selected by IHC ratio (%) improvement (%)

500 97.09 ↓ 17.87

1000 94.17 ↓ 16.87

2000 88.35 ↓ 10.47

3000 82.52 ↓ 7.02

3806 77.83 ↓ 5.35

4806 72.00 ↓ 2.54

5806 66.17 ↓ 1.12

6806 60.35 ↓ 0.51

7806 54.52 ↓ 0.41

8806 48.69 ↑ 0.25

9806 42.87 ↑ 0.40

10806 37.04 ↑ 0.39

11806 31.22 ↑ 0.50

possible to create improved models. Moreover, it is possible to compact the data
even further and still obtain models that match closely the performance of the
baseline model.

5 Conclusions and Future Work

We presented a learning framework approach (IHC-SVM) for predicting protein
membership which is able to deal with the dynamic everyday changes of bio-
logical databases. It has been demonstrated that under certain conditions the
IHC-SVM presents better performance than SVM baseline using sequences of
proteins built from well-known peptidase repositories. There is evidence that
by using IHC as the first step to determine the relevance of each sample and
decide which ones to retain and which ones to discard is an efficient procedural
for the incremental learning framework. The SVM training on the reduced data
set builds a model that yields high accuracy which is desirable to handle the
dynamic (and pervasive) biological databases.

A major advantage of this algorithm relies on the possibility of building models
incrementally on a sample-by-sample basis while accommodating restrictions in
terms of memory and computational power.

Future work will extend this study to further experiments involving larger
dynamic datasets as well as comparing the proposed approach with other incre-
mental and batch classifiers.
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7. Morgado, L., Pereira, C., Veŕıssimo, P., Dourado, A.: A support vector machine
based framework for protein membership prediction. In: Computational Intelli-
gence for Engineering Systems, Intelligent Systems, Control and Automation: Sci-
ence and Engineering, vol. 46, pp. 90–103. Springer, Netherlands (2011)

8. Murzin, A.G., Brenner, S.E., Hubbard, T., Chothia, C.: SCOP: a structural clas-
sification of proteins database for the investigation of sequences and structures.
Journal of molecular biology 247(4), 536–540 (1995)

9. Pereira, C., Morgado, L., Correia, D., Verissimo, P., Dourado, A.: Kernel machines
for proteomics data analysis: Algorithms and tools. Presented at the European
Network for Business and Industrial Statistics, Coimbra, Portugal (2011)

10. Ratsch, G., Sonnenburg, S., Schafer, C.: Learning interpretable svms for biological
sequence classification. BMC Bioinformatics 7, S1–S9 (2006)

11. Rawlings, N.D., Barrett, A.J., Bateman, A.: MEROPS: the peptidase database.
Nucleic Acids Research 38(Database-Issue), 227–233 (2010)

12. She, R., Chen, F., Wang, K., Ester, M., Gardy, J.L., Brinkman, F.S.L.: Frequent-
subsequence-based prediction of outer membrane proteins. In: Proceedings of Ninth
ACM SIGKDD International Conference on Knowledge Discovery and Data Min-
ing, Washington, DC, USA (2003)

13. Vapnik, V.N.: The nature of statistical learning theory. Springer, Heidelberg (1995)
14. Wilson, D., Martinez, T.: Reduction techniques for instance-based learning algo-

rithms. Machine Learning 38(3), 257–286 (2000)
15. Wurst, M.: The word vector tool user guide operator reference developer tutorial

(2007)



 

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 440–451, 2012. 
© Springer-Verlag Berlin Heidelberg 2012 

An Evolutionary Approach to Generate Solutions  
for Conflict Scenarios 

Davide Carneiro, Cesar Analide, Paulo Novais, and José Neves 

Departamento de Informática, Universidade do Minho, Campus de Gualtar, Braga, Portugal 
{dcarneiro,analide,pjon,jneves}@di.uminho.pt 

Abstract. Conflict resolution is nowadays an important topic.Online Dispute 
Resolution in particular is nowadays a major research topic, focusing onthe 
development of technology-based tools to assist parties involved in conflict 
resolution processes. In this paper we present such a tool aimed at the 
generation of solutions. It is based on Genetic Algorithms that evolve a 
population of solutions through successive iterations, generating more 
specialized ones. The result is a tree of solutions that the conflict resolution 
platform can use to guide the conflict resolution process. This approach is 
especially suited for parties which have no ability or are unwilling to generate 
realistic proposals for the resolution of the conflict.  

Keywords: Online Dispute Resolution, Genetic Algorithms, Distributive 
Negotiation. 

1 Introduction 

Given the current state of courts, new approaches on conflict resolution are needed. 
Specifically, courts are nowadays unable to deal with the amount and characteristics 
of new disputes. In fact, while in the past conflicts emerged between persons 
generally in the geographical vicinity of each other, nowadays a conflict may emerge 
between two persons, regardless their location, and it may even involve software 
agents. This new modality of contracting, the so-called electronic contracting, is in 
fact one of the biggest challenges for current legal systems, relying in paper-based 
courts still shaped after the industrial revolution [1]. In that sense, alternatives to 
litigation are needed. 

The first ones involved parties trying to solve their differences without recourse to 
litigation, generally with the assistance of a third, neutral party. These processes 
include negotiation, mediation, arbitration or conciliation, just to name a few [2-4], 
and are part of the so-called Alternative Dispute Resolution [3]. However, under these 
traditional approaches stakeholders still have to meet in person. In that sense, Online 
Dispute Resolution emerged as the use of traditional conflict resolution mechanisms 
under virtual environments [5]. In fact, the use of technology for conflict resolution 
may not only be used to bring parties into contact but also to develop high value tools 
that can be used for the definition of strategies, for the generation of solutions or even 
for compiling useful information for the parties [6,7].  



 An Evolutionary Approach to Generate Solutions for Conflict Scenarios 441 

 

In the last years, our research has focused on developing such tools based on 
Intelligent System techniques, giving birth to the UMCourt conflict resolution 
platform [8,9]. Specifically, we have been researching how the coming together of 
different fields of research can solve concrete problems in an efficient manner [13, 
14], giving birth to the so-called Hybrid Intelligent Systems, applied to the domain of 
The Law in the specific case of this work. In this work we propose a module for 
generating solutions for a conflict resolution scenario based on Genetic Algorithms 
(GA) [10, 15]. Our line of attack targets a very specific issue in conflict resolution: 
the inability or unwillingness of parties to generate solutions. In fact, frequently 
parties find it difficult to generate realistic proposals, because they are not fully aware 
of what their chances are or what rules apply. In other cases, parties are simply 
uncooperative and do not want to bother creating solutions [11]. With this work we 
complement our conflict resolution platform with the ability to propose fair and 
realistic solutions for concrete conflict resolution scenarios. 

The rest of the paper is organized as follows. In section 2 we provide a definition 
of the general conflict resolution scenario and how GAs can be modeled to be used as 
a problem solving methodology. Section 3 details the initialization of the GA while 
section 4 is devoted to depicting the selection process. The reproduction operators are 
detailed in section 5 and the termination of the algorithm is described in section 6. 
Finally, in section 7 we present the concluding remarks of this work. 

2 Defininga Conflict Resolution Scenario with Genetic 
Algorithms 

Even from a technological point of view, the problem of generating solutions may be 
a challenging task, although several different techniques can be used. One of the 
possible lines of attack is the use of case-based approaches, in an attempt to shape the 
cognitive models of human experts which rely on experience. However, this approach 
has some potential limitations. Specifically, it is likely to fail in scenarios in which 
case-bases with insufficient cases are used. Moreover, bigger case-bases ensure more 
completeness but generally also result in slower processes. In this paper we propose 
an approach that is independent of these constraints: the use of Genetic Algorithmsto 
create solutions for conflict resolution scenarios. 

Under GA approaches, a solution for a problem is represented by a chromosome. 
In that sense, given the domain of application of this work, each chromosome 
represents a solution for a specific conflict resolution problem, generally a 
distribution of the items being disputed among several parties. The population of 
chromosomes evolves from generation to generation through the application of 
genetic operators that act on the distribution, thus changing its fitness. This approach 
has also a specificity considering fitness. Usually, in a GA problem, fitness is seen as 
an absolute value. In this context, a solution has several values of fitness, one for each 
party, i.e., a solution that is good for a given party is most likely not that good for any 
other given that they tend to have conflicting objectives. As the generations of 
solutions succeed, there are lines of evolution of chromosomes that tend to be more fit 
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,  1 , 0, ∈ 1, 2, … , ,   (5)

More specific domains may require the definition of additional rules. This allows 
this model to be applied to virtually every legal domain. Let us take as example the 
labor law domain. Under this domain, the items in dispute may be of very different 
nature, ranging from monetary compensations to the possibility or not of being fired. 
Considering the Portuguese context, a worker being fired without a just cause is 
entitled to a compensation that ranges from 15 to 45 days of wage for each year of 
antiquity. This is generally one of the items being distributed (e.g. in a scenario in 
which the employee receives 30 days of wage for each year of antiquity, the other 15 
days are received by the employer). Other issues generally include night or extra 
hours, the existence or not of complaints against the employee, among others. All 
these issues may be modeled in this generic model. 

In a general way, the GA lifecycle follows the model depicted in Figure2: it starts 
with an initialization of a population, usually in a random way. Afterwards, a cycle 
repeats until an ending condition is met: the fitness of the population is evaluated and 
then the population evolves through the application of genetic operators that create 
new populations with different characteristics. In each iteration, the fittest of the 
population are selected, thus evolving the population. This is the general model of the 
algorithm presented in this paper, detailed in the following sections. 

 

 

Fig. 2. Generic model of a Genetic Algorithm 

3 Initialization 

The initialization is the first step in the use of a Genetic Algorithm, in which the key 
characteristics of the population and of the individuals are defined. Figure 3 depicts 
the interface that allows the initialization of the algorithm. In terms of the GA, it is 
necessary to provide a termination condition, in terms of a maximum number of 
rounds, and the size of the population (i.e. the number of chromosomes in each 
generation). The interface also allows to define the number of the best individuals that 
are selected from each species to create the next generation of offspring through the 
application of the genetic operators. Concerning these operators, it is possible to 
specify the weight of each operator on the generation of new solutions. This has, 
evidently, a significant impact on the evolution of the population. Finally, the 
interface also allows configuring the weight of the components of the fitness function. 
Specifically, it is possible to assign the weight of the monetary value and of the 
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personal value. In fact, the measure of the fitness of a solution is given in terms of the 
monetary value of the items in dispute but also in terms of the personal value, i.e., it is 
also taken into consideration how much each party wants a given issue. 

Concerning the specific information about the negotiation process itself, it is 
possible to state which are the items under negotiation (including their name, value or 
type) and which parties are involved. Moreover, each party must assign its 
preferences regarding the items in dispute. They do so by distributing a total of 100 
points for all the items. This information allows the system to know how much each 
party wants each item and enables an estimation of the personal evaluation of the 
solutions.  

All this information is used to initialize the algorithm. At this point, a population of 
the specified size is created with random solutions, i.e., each chromosome has a 
random distribution of items.  

 

 

Fig. 3. The system interface used to configure the genetic algorithm, including information 
about the parties, the issues and the weight of each genetic operator 

4 Selection 

In each iteration of the algorithm a part of the population is selected to generate the 
following generation. This step relies on a fitness function that evaluates each 
individual and allows finding the best solutions. Given that solutions have different 
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fitness values for different parties, the fitness of each individual must be computed for 
each party. Thus being, for a conflict resolution involving n parties and for a 
population of size s, n * s values of fitness will be computed in each iteration of the 
algorithm.  

The fitness function returns a value that is based on the portion of the items that 
each party receives, its monetary value and the assigned personal value. Moreover, 
the value of fitness also depends of the weights of the monetary and personal 
components, defined in the initialization. Two fitness functions were considered in 
this experiment (equations 6 and 7), where 

• tmvdenotes the case economic value, i.e., the total amount of money that the 
issues in dispute are worth with, being defined as ∑ ; 

• I defines the number of issues; 
•  stands for the monetary value of issue i; 
• ,  represents the fitness of chromosome j for party p; 
• denotes the weight of the monetary component while stands fot the 

weight of the individual component. 

When equation 6 is used as the fitness function, the solutions selected tend to be 
the ones in which the parties receive approximately the items that they want. That is, 
equation 6minimizes the difference between the personal value of the items and the 
points attributed to them by the parties. 

, ∑ , 1 ∑ | , |
  (6)

On the other hand, equation 7 tends to result in solutions in which both the 
monetary and the personal values are maximized. In that sense, solutions selected by 
the fitness function depicted in equation 6 may more likely be described as fair (as 
there is no blind maximization of the individual gains) while the ones by equation 7 
will be more competitive and hard to be accepted by the opposing parties. 

, ∑ , | , |
  (7)

Given this, we are currently making use of equation 6 as it results in solutions that 
are more balanced and thus more likely to be accepted by all the parties. Given this, in 
each iteration of the algorithm the fittest solutions of each species are selected to give 
birth to anoffspring by means of genetic operators, as depicted in section 5. 

5 Reproduction 

The reproduction is the step in a GA in which the search heuristic moves forwards, 
through the engendering of new populations, towards the maximization of the fitness 
function. In this work, three genetic operators are being used: crossover, mutation and 
heredity. All of the three act on the distribution of the items, thus changing its fitness. 
They are applied to the selected chromosomes according to what was specified during 
the initialization. The operators used are defined in the following three sub-sections. 
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5.1 Mutation 

A mutation is formally defined in genetics as a spontaneous and random change in a 
genomic sequence. Transposing this definition for the domain of our work, we can 
define mutation as a random change in the distribution of the items. The extent of the 
mutation is given by the mutation threshold, here designated as µ . The mutation is a 
unary operator that works by randomly selecting one issue and two parties from the 
chromosome. The distribution is then changed for the item and the parties selected 
according to µ . If the item is divisible, the amount of the selected item is decreased 
for one party and accordingly increased for the other, according to µ .On the other 
hand, if the item is indivisible, there is a probability given in function of µthat the 
owner of the item is changed between the two parties.  

Whenever a new chromosome is created, its validity is checked to determine if all 
the invariants hold, according to rules of the type of the ones defined in section 2. Let 
us now consider an example scenario in which three parties are disputing four issues. 
Let us also assume that issue 2 is divisible and it was randomly selected to be 
exchanged between party 1 and party 2. The parent chromosome (Ch) and the 
offspring (Ch’) are depicted in equation 8.  , , ,, , ,, , ,, , ,

   , , ,, μ , μ ,, , ,, , ,
    (8)

After theapplication of the mutation operator the fitness of the solution for each 
party changes. That is, the new solution will most likely be more favorable to party1 
and less favorable to party2.  

Description of the Mutation algorithm. 

Algorithm Mutation is 
Input: List of parties, L 
       List of issues, I 
       Parent chromosome, C 
Output: A new chromosome, C’ 
Do 
i  := select random issue from I 
p1 := select random party from L 
p2 := select random party from L such that p1 != p2 
C’ := C 
if (i is divisible) 
      C’i,p1:= C’i,p1 + μ * C’i,p1 

      C’i,p2:= C’i,p2 - μ * C’i,p2 

else if (randomNumber>μ) 
temp := C’i,p1 
           C’i,p1:= C’i,p2 

           C’i,p2:= temp 
While (C’ is invalid solution) 
Return C’ 
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5.2 Crossover 

In genetics, crossover is a process by means of which a new chromosome is created 
using the genetic information of more than one parent solutions. In this work, 
crossover is a binary operator. More specifically, a two-point crossover technique is 
used. In this specific technique, two points are selected in the two chromosomes and 
all the information between those two points is swapped. In this precise context, the 
two points are always the beginning and the end of an issue in the matrix of 
distribution. Thus being, crossover consists in swapping two distributions of the same 
issue, generating two new solutions.  

Two different approaches can be selected in the initialization form that influence 
the way that the crossover operator is implemented: inter species and random parents. 
The inter species option allows the system to cross chromosomes of different species. 
This will increase the variety of the following generation, but will most likely also 
delay a convergence. On the other hand, if the inter species option is not used, only 
chromosomes from the same species will be crossed. The random parents option tells 
the system about which parents to cross. If the option is used, parents are selected 
randomly. On the other hand, if the option is not used, the best parents from each 
generation are crossed. While the use of this option may increase the variety and 
widen the search space, it may also delay the convergence towards satisfactory 
solutions. In equation 9 we depict an example of the use of the crossover operator in 
two parent chromosomes Ch1 and Ch2, to generate two offspring Ch1’ and Ch2’. In 
this example the distribution of issue 2 was randomly selected to be swapped. Given 
that this technique changes the distribution of each solution, it will have effect on the 
fitness function. 

1  2 1  2   (9)

The description of the generic algorithm that implements the crossover technique 
being used here. 

Algorithm Crossover is 
Input: List of parties, L 
       List of issues, I 
Output: New chromosomes, C1’, C2’ 
i  := select random issue from I 
if (interspecies) 
   s1 = select random species 
   s2 = select random species such that s1 != s2 
if (randomparents) 
C1 := select random ch from s1 
C2 := select random ch from s2 
else 
C1 := select best ch from s1 
C2 := select best ch from s2 
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else 
   s1 = select random species 
if (randomparents) 
C1 := select random ch from s1 
C2 := select random ch from s1 such that C1 != C2   
else 
C1 := select best ch from s1 
C2 := select second best ch from s1 
swap issues and generate C1’, C2’ 
return C1’, C2’ 

5.3 Heredity 

Heredity is generally defined as the passing of specific traits from parents to 
offspring. In this process, the offspring inherits characteristics that may be described 
as similar to the ones of the parent. During the evolution, the species usually tend to 
accumulate the best characteristics of their ancestors. In this work, heredity is a very 
simple unary operator which creates a new chromosome with the same characteristics 
of the parent, i.e., the same distribution. The objective is to apply this operator to the 
best individuals only, thus passing the best characteristics of one generation to the 
next, avoiding losing the best of each generation. However, this operator must be used 
with caution as an excessive use will result in a population that evolves slowly or that 
does not evolve at all.  

In fact, the weight of each of the above described operators must be chosen 
appropriately. The Crossoveroperator can be applied thoroughly to the population. 
However, the Heredity and the Mutation operators must be applied in smaller 
amounts. In fact, a big incidence of the Mutation operator will significantly increase 
the variety of the solutions, making it harder for a convergence to emerge. On the 
other hand, a big incidence of the Heredity operator would have the exact opposite 
problem, i.e., the evolution would stop and new favorable solutions would hardly 
appear. In that sense, these two operators can be useful as long as they are used in 
small proportions. 

6 Termination 

The process of selection of the fittest and reproduction is repeated until a termination 
condition is reached: a non-evolving fitness of the population or the number of 
iterations established in the initialization. At this point, the system has a significant 
number of solutions. However, some of them will be very similar to each other while 
others have simply no interest because their value of fitness is low. In that sense, it is 
not feasible or productive to present the parties or mediators with all this information.   

Thus being, only the best solutions of each generation are available to be used by 
mediators or parties. This helps to simplify the information generated, allowing the 
users to be focused on what really matters. Figure 4 depicts the simplified view of the 
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information generated, in terms of the solutions attained, and their lines of evolution. 
Each solution is represented with one or more colors. A solution with a given color 
means that it belongs to the species of that color. This will allow one to see the natural 
emergence of species, i.e., the lines of evolution that tend towards the maximization 
of the fitness value for a given party. Colorless individuals denote solutions that are 
not among the most fit for a particular population but generate offspring that are 
among the best of future ones and, for that reason, were included in the group of 
relevant solutions. It is also possible to look at a chromosome’s content, as well to its 
fitness, and the mean fitness, by clicking on it.  

 

 

Fig. 4. The lines of evolution of the genetic course and their outcome.Only the individuals that 
lead to the best leafs are shown. 

The lines between individuals represent the parent-offspring relationships. A unary 
genetic operator generated an individual that has a single line connecting to the 
previous population, while an individual that has two lines was generated by 
crossover.   

These solutions can then be proposed to the parties by a mediator or by the conflict 
resolution system. We are currently working on the development of an intelligent 
conflict resolution environment that is able to collect important information from the 
context of interaction of the parties [12]. This information includes the levels of 
stress, the emotional state or the levels of escalation.Based on this, the conflict 
resolution system or the mediator will select in each time, the most indicated solution 
for the parties. This will result in a dynamic conflict resolution environment that 
allows strategies to be adapted in real-time, according to relevant changes in the 
context-of-interaction. 
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7 Conclusions 

One of the most serious limitations in a conflict resolution process is the inability or 
unwillingness of parties to design solutions for the resolution of the conflicts. The 
work described in this paper was developed with the objective of empowering parties 
and mediators in a conflict resolution process with a tool that is able to provide 
solutions for concrete problems. Moreover, the solutions generated may be described 
as fair since they take into consideration not only the monetary value of the items 
assigned to each party but also the personal value that each party allocates to each 
item. In that sense, the solutions proposed are more likely to be accepted by the 
parties.  

Compared with our previous case-based approach, this line of attack has as main 
advantage the independence of a case-base, i.e., the amount and quality of the 
solutions retrieved does not depend on the quality, quantity or legal domain of the 
cases in a case-base. In that sense, it provides a more complete answer to the problem. 
Moreover, despite the computational inefficiency that is generally associated to 
evolutionary approaches, the performance is good enough for the domain of conflict 
resolution. In fact, the solutions may be generated as soon as the parties finish 
providing the data for their case and even before the actual conflict resolution process 
starts (which is not immediately). In that sense, we can use relatively large parameters 
on the GA algorithm (e.g. population size, number of generations) ensuring that a big 
enough number of solutions are generated from which to choose from.  

We are now merging this tool into our conflict resolution platform as a solution 
generation module, to propose solutions during a negotiation process.  
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Abstract. Evolutionary algorithms have been applied to a wide variety
of domains with successful results, supported by the increase of compu-
tational resources. One of such domains is segmentation, the representa-
tion of a given curve by means of a series of linear models minimizing the
representation error. This work analyzes the impact of the initialization
method on the performance of a multiobjective evolutionary algorithm
for this segmentation domain, comparing a random initialization with
two different approaches introducing domain knowledge: a hybrid ap-
proach based on the application of a local search method and a novel
method based on the analysis of the Pareto Front structure.

Keywords: Initialization, Segmentation, Evolution Strategies, Multiob-
jective Optimization, Memetic algorithms.

1 Introduction

Evolutionary algorithms are a versatile tool to deal with a huge variety of prob-
lem domains [1], being convergence speed one of their known issues. Hybridiza-
tion of intelligent systems [6] to overcome their handicaps is one of the most
important trends in artificial intelligence, with applications in fields as diverse
as robotics, dimensionality reduction, reasoning methods or multiobjective op-
timization [5]. Hybrid applications of evolutionary algorithms combine their ex-
ploratory capabilities with the information exploitation provided by local search
procedures, being also known as memetic algorithms [12].

The initialization of the population in evolutionary algorithms has been con-
sidered as a key operator for the final quality of the result and the computational
cost required to obtain that result [2]. The most popular initialization process
consists in a random initialization of the values for the chosen representation.
This procedure aims to maximize the coverage of the search space and, thus,
the exploration capabilities of the algorithm. Different alternatives have been
considered to improve this behavior, such as novel general alternative initializa-
tion strategies [14], reuse of previous solutions [15] or the introduction of specific
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domain information [3]. In general, default initialization processes are designed
to provide a reasonable performance over a wide series of problems, but the
injection of additional information may help to improve that performance over
specific problem instances (following the no-free-lunch theorem [18]).

Segmentation problems are based on the division of a given curve in a set
of n segments (being each of these segments represented by a linear model,
which points to another common naming convention for this process: piecewise
linear representation, PLR) minimizing the representation error. This issue has
been faced from several perspectives, such as time series segmentation [11] or
polygonal approximation [16], leading to different algorithms (some of which are
closely related). Regarding evolutionary algorithms, they have been applied to
this issue using different specific operators and focuses [19,9]. Multi-objective
evolutionary algorithms optimize several objectives that may be in conflict with
each other at the same time [4], and have been also applied to segmentation
issues [7], dealing with the number of segments and representation error of given
solutions to provide a Pareto Front of non-dominated solutions.

This paper analyzes the effect of different initialization methods on a multi-
objective approach for the segmentation issue. The default random initialization
method is compared with different alternatives, based on local search information
exploitation (according to similar hybridization principles to the ones used by
memetic algorithms, but applied to population initialization) or on the analysis
of the Pareto front and its relationship to the input variables.

The work is organized as follows: the second section introduces the formal-
ization of the segmentation issue as a multiobjective problem, along with an
evolutionary approach to solve it. The third section covers three different initial-
ization procedures, highlighting their characteristics and differences, while the
fourth presents the used dataset, along with the results obtained for the tech-
niques covered in the previous section. Finally, the conclusions obtained from
these results are presented, along with possible future lines.

2 Segmentation Formalization

A segmentation process divides a series of data into a certain number of
individual segments according to a model (or set of models) minimizing the
representation error. This work is focused on PLR segmentation (or polygonal
approximation) which uses linear models for this approach. This process can
also be seen as the search of the individual points which minimize the overall
approximation error. These points are usually called dominant points. A possible
formalization for this process is presented in equation 1.

S(T ) = {Bm} → Bm = {xk}j ∈ [kmin...kmax]m ∈ [1...segnum]

min
max

fquality({Bm})
(1)

where T is the original data, S(T) is the segmentation process, Bm is a given
resultant segment from that process and fquality is the used quality function.
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Depending on the definition of this quality function, the objective may be to
minimize or maximize this function. The quality of a segmentation process is
traditionally determined by the following criteria [11]:

1. Minimizing the overall representation error (total error)
2. Minimizing the number of segments such that the representation error is less

than a certain value (max segment error)
3. Minimizing the number of segments so that the total representation error

does not exceed total error

The previous considerations introduce several interesting facts. First of all, the
quality of a segmentation process depends on several objectives in conflict: min-
imizing the number of required segments while minimizing the representation
error. Secondly, the configuration of such processes can be problem dependent
due to the required parameters (total error and max segment error) and, thus,
a general technique may be hard to apply to a set of problem instances with con-
sistent results. The consideration for the measurement of several objectives in
conflict to test the quality of a segmentation process was faced in [8] with the
use of multiobjective quality indicators [20]. Given the multiobjective nature of
this process, in [7] the segmentation issue was formalized according to equation
2, which explicitly presents this nature.

S(T ) = {Bm} → Bm = {xk}j ∈ [kmin...kmax]m ∈ [1...segnum]{
d(S(T ), T ) ≤ totalerror

∀m, d(fap(Bm), Bm) ≤ max segment error

(2)

where d(x, y) is a distance error function between segments x and y and
fap(x), which is the approximation function result over segment x. According to
the traditional criteria, total error and max segment error represent certain
constrains which are required by certain segmentation algorithms in order to
determine whether they must be stopped [11]. It must be noted that these char-
acteristics may change abruptly among different problem instances, even though
they may be used to constrain the search process of the evolutionary approach.
Since these parameters are not strictly required and their choice is neither trivial
nor problem independent, they have been excluded from the presented approach
to provide a more focused discussion.

In [7] the proposed codification is based on integer values representing the
dominant points of the segmentation process (the edges of the segments which
the data is divided into). This representation was introduced in order to preserve
the importance of the different dominant points obtained during the evolutionary
process, but also implied an increase over the size of the search space when
compared to a more commonly used genetic codification [19]. This codification
formalizes a representation where each chromosome has a size equal to the length
of the data being analyzed, and each gene represents whether that particular
position is considered a dominant point. This codification is the one followed in
the current approach, due to its reduced search space.
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Several error functions may be used as well. Two different fitness functions
used in evolutionary approaches to segmentation are the maximum error function
(equation 3) and the integral squared error function (equation 4). This last option
is the one followed in this work.

E∞(α) = max
1≤i≤n

ei(α) (3)

E2(α) =

n∑
i=1

[ei(α)]
2 (4)

The remaining operators are chosen according to standard values: bit-flip mu-
tation, 1-point crossover and binary tournament selection. The crossover proba-
bility used is 0.9 and the mutation probability is 1/length. These operators are
not problem specific (nor their associated probabilities), differing from some of
the single objective approaches available. The general multiobjective algorithm
chosen is SPEA2 [21], which introduces an archive to keep track of the best
solutions found during the evolutionary cycles of the different generations. In
this problem it is crucial to preserve non-dominated solutions found at different
points of the evolutionary cycle, leading to the choice of this algorithm along
with an archive size equal to the length of the problem instance being solved, in
order to be able to, ideally, store one non-dominated solution for each of the dif-
ferent possible representations regarding their number of dominant points, while
the chosen population size will be 100 individuals.

3 Population Initialization

Convergence speed is a constant issue in evolutionary computation, and it has
been approached with modifications in the different involved processes:
crossover, mutation, selection, etc. Initialization procedures have received a re-
duced amount of interest from the research community, generally assuming that
the overall impact over the performance of the algorithm is lower. Most genetic
algorithms use a default bitstring uniform initialization procedure, assigning
values of 0 or 1 to every bit for each individual in the population, obtaining a
uniform population regarding the binary space, which also exhibits the maximal
bit-wise diversity [10]. However, early research showed that this may not be the
optimal initialization procedure for specific domains, such as inverse problems in
Structural Mechanics [17], where the solutions were known to contain far more
0’s than 1’s.

General approaches have to provide a trade-off between the improved initial
population obtained and the cost of the process. Such a discussion is carried out
in [14], where opposition-based and quasi-random [13] initialization methods are
compared, highlighting the computational issues and dimensionality effective-
ness. In [15] the reuse of previous solutions in terms of population initialization
is considered for the application of evolutionary algorithms to dynamic environ-
ments, but the established principles can be used for static environments where



456 J.L. Guerrero, A. Berlanga, and J.M. Molina

an approximation to the solution is known (or can be calculated, as in the local
search based method compared in this work). Finally, domain specific approaches
introduce characteristics from the faced problem in order to include a seeding
in the initial population which can improve the overall results. In [3] such an
approach is studied for the timetabling problem, where heuristic individuals go
through some randomization process in order to generate the initial population,
presenting a discussion of the diversity effect of such a process over the final
outcome of the algorithm.

Three different initialization procedures will be compared for the presented
problem: default (bitstring uniform), uniform (in terms of Pareto front) and
local search. Default initialization assigns a 50% chance of becoming a domi-
nant point to each point in the original data. According to that probability, this
method generates an initial population which, in the number of segments objec-
tive function, is centered around 1/2 of the number of original elements in the
data. Being this objective also closely related to the representation error, this
generates a poor diversity on the number of segments (or, similarly, the number
dominant points), which also implies a poor diversity on the covered range of
approximation errors.

Even though default initialization produces the maximal bit-wise diversity,
a poor one is obtained in the resultant Pareto front. Since multiobjective opti-
mization seeks the Optimal Pareto Set in the variable space and its associated
Optimal Pareto Front in the objective space (the set of solutions where one
solution objective function value cannot be improved unless another objection
function value is degraded [4]), this may not be the optimal strategy. Uniform
initialization tries to ensure the diversity of the front obtained. To achieve this
task, each individual is generated according to a number of random dominant
points, which are then included into the chromosome at random gene positions.
This generates a population which is spread along the dominant points objective,
obtaining as well a good diversity over the representation error objective func-
tion. Related to the initialization approaches presented at the beginning of this
section, this approach is general (in terms of exploiting the Pareto front diversity
in the initial population) but uses a domain specific procedure to produce the
front with a very low computational cost.

Local search initialization is a heuristic seeding approach using bottom-up
segmentation [11] to introduce good individuals into the initial population, a
technique which is claimed to obtain comparatively better results than other
offline alternatives. This algorithm creates the finest possible approximation of
the time series, dividing it into n-1 (where n is the number of points in the time
series) segments of length value 2. Afterwards, the cost of merging each pair
of adjacent segments is calculated and, if the merge with the lowest cost has
an error bellow the user defined value, the segments are merged. The process
continues until no pair of adjacent segments can be merged with an acceptable
error value. It is important to notice that in every step of the algorithm the
costs of the adjacent segments to the merged one in the previous step must be
updated.



Initialization for MOEA Approaches to Segmentation 457

40 50 60 70 80
10

20

30

40

50

60

Dominant points

A
pp

ro
xi

m
at

io
n 

er
ro

r
Default

10 20 30 40 50 60
0

20

40

60

80

100

120

Dominant points

A
pp

ro
xi

m
at

io
n 

er
ro

r

Local search

0 50 100 150
0

1

2

3

4

5

6
x 10

4

Dominant points

A
pp

ro
xi

m
at

io
n 

er
ro

r

Uniform

0 50 100 150
0

1

2

3

4

5

6
x 10

4

Dominant points

A
pp

ro
xi

m
at

io
n 

er
ro

r

Comparison

Fig. 1. Initial Pareto front comparison for the three presented methods (leaf curve)

One of the difficulties arising in the application of these single objective pro-
cedures is that, in order to obtain a certain number of different individuals to
be introduced into the initial population, there is a lack of direct control over
the objective functions values. This may require several executions to obtain a
single individual which can be introduced into the population, thus increasing
the overall computational cost. On the other hand, unlike other presented alter-
natives in the literature ([3]) different individuals are obtained with the different
configuration parameters directly from the heuristic technique, eliminating the
requirement for additional randomization processes.

Figure 1 presents the non-dominated solutions obtained in an initial popu-
lation of 100 individuals generated with the default method and the proposed
approach based on the diversity in the objective space, along with a Pareto front
composed from ten solutions obtained with different runs of the detailed single-
objective algorithm. As expected, the range in the objective functions covered
by the default initialization is very limited compared to the one which focuses on
objective function diversity. The number of non-dominated individuals generated
is clearly inferior to those in the uniform approach as well, obtaining an initial
population which, even though it is composed of the same number of individuals,
provides the algorithm with less valuable information (Pareto front individuals).
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Local search initialization provides individuals which are clearly superior to the
ones randomly initialized (by either of the alternative procedures), but their
range is limited compared to the ones performed by uniform initialization.

4 Experimental Validation

Along with the performance of the presented initialization methods, current ex-
perimental validation will try to determine whether the inclusion of local search
individuals in the population generated by either of the alternative methods
improves its results. Three commonly used curves from the polygonal approx-
imation domain are introduced into the data set: chromosome, semicircle and
leaf, presented in figure 2. For the validation of the performance of the differ-
ent initialization methods, 30 runs of every configuration have been performed,
the unary hypervolume [20] of the resultant Pareto Front calculated for each
of the alternatives (both for the initial and final populations), and the differ-
ence between the different pairings calculated. Afterwards, a t-test is carried out
to determine the statistical significance of the obtained results. The reference
front used for the hypervolume computation is obtained with a uniform initial-
ization procedure and a population size of 1000 individuals left to run for 2000
generations.

The representation of the initial population Pareto fronts for the three curves
in the dataset are presented in figures 1 (leaf), 3 (chromosome) and 4 (semicircle).
Graphically these figures show several interesting facts regarding the proposed
initialization: assuming that the heuristic seeding provided by the local search
technique provides good solutions in terms of objective functions values and di-
versity, the comparison with the default process shows that bitstring uniform
populations may provide good (figure 3) or very bad solutions (figure 1), being
this quality problem dependent (determined by whether the solutions around
50% dominnant points are meaningful or not for the final Pareto front), dis-
encouraging the use of this technique for an unknown problem instance. On
the other hand, the initial populations provided by the uniform method exhibit
for all the different dataset instances Pareto fronts with a very good diversity
over the two objectives, being thus applicable to new unknown instances with a
certain guarantee over the quality of the initial population’s Pareto front.

(a) Chromosome curve (b) Leaf curve (c) Semicircle curve

Fig. 2. Curves included in the data set
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Table 1. Initial populations comparison

Chromosome curve

Default L.S. Uniform Unif. + l.s. Def. + l.s.
Mean Std Mean Mean Std Mean Std Mean Std

4.47E-01 4.39E-02 8.59E-01 9.54E-01 7.52E-03 9.60E-01 6.82E-03 8.59E-01 9.94E-07

Leaf curve

1,66E-01 3,22E-02 7,45E-01 9,62E-01 1,99E-02 9,63E-01 1,99E-02 7,45E-01 3,39E-16

Semicircle curve

2,80E-01 5,21E-02 8,08E-01 9,50E-01 2,42E-02 9,51E-01 2,42E-02 8,08E-01 4,52E-16

Table 2. Final populations comparison

Chromosome curve

Default Uniform Unif. + l.s. Def. + l.s.
Mean Std Mean Std Mean Std Mean Std

9,41E-01 2,97E-02 9,67E-01 1,07E-04 9,66E-01 4,70E-03 9,67E-01 1,07E-04

Leaf curve

7,77E-01 4,76E-02 9,79E-01 3,55E-03 9,76E-01 1,20E-02 9,77E-01 7,58E-03

Semicircle curve

8,46E-01 4,06E-02 9,75E-01 5,27E-03 9,76E-01 3,08E-03 9,77E-01 3,39E-04

The hypervolume results obtained for the three different curves are presented
in tables 1 and 2, while the statistical significance results over those values are
presented in table 3. The initial populations comparison does not provide a
standard deviation value for the local search initialization, since each of the runs
starts with the exact same initial population. In final populations, no results for
local search are provided, since, as will be detailed, the populations obtained
by local search dominate those created by a default initialization process, pro-
viding the same final results (disregarding the stochastic nature of evolutionary
approaches) in local search and local search plus default initialization configu-
rations (being these results included under this last heading).

The test results presented in table 3 are obtained from the final populations,
since all the differences in the initial ones were statistically significant. The re-
sults show that uniform initialization yields better performance of the algorithm
compared to any of the remaining alternatives, and also that the addition of
local search individuals to its initial population does not improve its results (in
the final outcome of the algorithm). However, local search use does improve (for
the two harder problem instances, lead and semicircle) the default initialization
performance.

The initial populations provided by the different runs of a default initialization
procedure become, in general, fully dominated by the individuals introduced by
the local search (results in table 1 for local search and local search plus default
individuals are the same). The impact of the local search procedures is related
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Fig. 3. Initial Pareto front comparison for the chromosome curve

to the quality of its results compared to the optimal Pareto front and the cost of
their computation. As presented in table 3, the heuristic seeding does improve the
results of the bitstring random initialization process (in two of the three curves in
the dataset), but also requires a computational cost to obtain those individuals.
As previously explained, obtaining n individuals for this initial population by
means of the local search procedure may require more than n executions of this
algorithm, and this cost may be even higher if certain diversity is required in
those heuristic individuals.

Uniform initialization provides a higher range of objective function values
to its individuals (which are graphically represented by the initial and final
”tails” of the Pareto front), which provides additional non-dominated individuals
to the algorithm and allowing it to obtain better final solutions, as seen in

Table 3. Statistical significance test

Curve Def/l.s. Def./Unif. Unif./l.s. Unif./Unif. + l.s. Def./Def. + l.s.

Chromosome No Yes Yes No No
Leaf Yes Yes Yes No Yes

Semicircle Yes Yes Yes No Yes
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Fig. 4. Initial Pareto front comparison for the semicircle curve

table 3. This shows the importance of the diversity in terms of objective space,
which cannot be obtained with the default bitstring random initialization. Even
though there is no general technique to be able to obtain this diversity in the
objective space for a general problem, the presented technique allows to do so
in the segmentation domain with a very low computational cost (similar to that
of the default initialization process) being clearly superior to the considered
alternatives.

5 Conclusions

This work has presented the importance of initialization for evolutionary ap-
proaches, particularly for the segmentation issue. A common approach to include
domain information into an evolutionary approach is to perform a hybridization
including some local search step, which involves a considerable computational
cost but aims to accelerate the exploitation step of the search, with the possible
degradation of exploration capabilities. An overview of different initialization
approaches is presented, and a comparison among three different possibilities is
carried out: random initialization, a hybrid initialization including individuals
obtained by means of a local search based procedure and a uniform approach
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based on the analysis of the Pareto Front shape in order to obtain an initial
population focused on the diversity of individuals in the objective space. This
uniform approach yields a performance not only better than the one provided
by default initialization, but also superior to the one provided by a local search
based initial population. The addition of local search individuals to an initial
population generated by the uniform approach showed no statistically signifi-
cant improvements in the outcome of the algorithm.

The measured improved performance comes from the amount of valuable in-
formation contained in the Pareto Front obtained: the increased covered ranges
of objective function values by the individuals in the initial population provide a
higher number of non-dominated individuals, which allows a better final perfor-
mance of the algorithm, highlighting the importance of diversity in the objective
space rather than the decision variables space. Future lines of this work include
the inclusion of local search procedures at different steps of the evolutionary algo-
rithm, additional research on initial population creation methods and the study
of the applicability of these techniques to different multiobjective problems.
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Abstract. This paper presents a procedure for parameter estimation
of the neuro-coefficient smooth transition autoregressive model, substi-
tuting the combination of grid search and local search of the original
proposal of Medeiros and Veiga (2005, IEEE Trans. NN, 16(1):97-113)
with a differential evolution scheme. The purpose of this novel fitting pro-
cedure is to obtain more accurate models under preservation of the most
important model characteristics. These are, firstly, that the models are
built using an iterative approach based on statistical tests, and therewith
have a mathematically sound construction procedure. And secondly, that
the models are interpretable in terms of fuzzy rules. The proposed pro-
cedure has been tested empirically by applying it to different real-world
time series. The results indicate that, in terms of accuracy, significantly
improved models can be achieved, so that accuracy of the resulting mod-
els is comparable to other standard time series forecasting methods.

Keywords: time series, statistical models, threshold autoregressive
models, NCSTAR, differential evolution.

1 Introduction

Prediction and modeling of time series is an interdisciplinary field with founda-
tions in Statistics, while their application spans many fields in Science and En-
gineering. However, modeling techniques developed in the context of Artificial
Intelligence have also found a fertile area for adaptation and exploitation within
this field. Classical statistical schemes for modeling time series have their funda-
mental reference in the work of Box and Jenkins [6] in the 1970’s. The reference
model is the autoregressive (AR) moving average model, which is characterized
by linear relationships between lagged values of the series, thus performing a lin-
ear regression. But with the presence of computer systems in nearly all aspects
of everyday life, nowadays often huge amounts of data are available for analysis,
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facilitating the search for more complex, not necessarily linear patterns. So, the
need to model nonlinear behavior arises.

One of the best known nonlinear models is that proposed by Tong [18]. It
uses two or more linear models to fit disjoint regions of the series’ domain, using
a variable threshold for transition between the models. In the literature there
are numerous variants of this idea, known generically as threshold AR models
(TAR). For example, in the so-called self-excited TAR, the threshold variable
is a delayed value of the series. Or, considering the generally continuous nature
of the series, TAR models that replace the abrupt change of a linear model to
another for a smooth transition function are also common. These are denoted
smooth transition AR models. Based on this, Medeiros and Veiga [12] proposed
the neuro-coefficient smooth transition AR model (NCSTAR). The NCSTAR is
a linear model whose coefficients change over time and are determined using a
multi-layer perceptron [1]. In addition to the model, those authors presented a
construction method that works in an iterative manner to determine the num-
ber of hidden units in the neural network, based on techniques of statistical
hypothesis testing.

Another important advantage of TAR models is that each of them can be
expressed in terms of a fuzzy rule-based system (FRBS) [1–4]. This offers a
theoretical framework for the interpretability of such models, and so enables
forecast practitioners not only to use the model as a black box system, but also
to, e.g., gain valuable information about the underlying processes.

The NCSTAR model fitting procedure is a combination of a grid search and a
local search method. This can be decisive during the incremental building of an
NCSTAR, especially w.r.t. the accuracy of the model. In contrast, evolutionary
algorithms [9] are techniques that have proven very efficient in order to address
optimization problems in various fields [19]. Specifically, the differential evolution
algorithm (DE) [17] stands as one of the most promising methods in continuous
optimization problems, and as such seems worth to be evaluated as a method
for the NCSTAR model fitting problem.

So, the aim of this paper is to provide a process for training and adjustment
of NCSTAR models based on the evolutionary algorithm DE, with the intent to
obtain models that preserve the natural interpretability of the models, being at
the same time more accurate.

The rest of the paper is organized as follows: Section 2 develops the theory of
threshold autoregressive models. Section 3 describes the most important features
of the DE algorithm. Section 4 presents the proposed algorithm using differential
evolution to construct NCSTAR models. Section 5 shows the experiments, and
Section 6 concludes the paper.

2 Threshold Autoregressive Models

In a linear autoregression as popularized by Box and Jenkins [6], the value at
the current time t of a time series x is estimated by a linear combination of past
values of the series in the following way:
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x(t) = a0 +

d∑
i=1

aix(t− i) + e(t) (1)

Here, d denotes the number of past values that are taken into account, a0, . . . , ad
are the model coefficients, and e is a series of errors. The values of e are inde-
pendent and identically distributed (i.i.d.).

With z(t) = (1, x(t − 1), x(t − 2), . . . , x(t − d))T and a = (a0, . . . , ad),
Equation (1) can be written in vector notation:

x(t) = az(t) + e(t). (2)

A piece-wise linear model, i.e., a model that combines various linear models,
can be generally defined by:

x(t) =

k∑
j=1

fj(thj(t))ajz(t) + e(t). (3)

Here, the functions fj are nonlinear functions that combine the linear mod-
els, and thj are the threshold functions that define the criterion on which the
switching is based (exogenous variables, delayed values of the series, or both).

In the TAR model, indicator functions are used, i.e., fj := Ij , which perform
sharp switches between the linear models, depending on the current value of the
threshold variable, thj(t), in the following form:

Ij(thj(t)) =

{
1, if thj(t) ∈ (cj−1, cj ];

0, otherwise.

Here, c0 . . . , ck are threshold constants with −∞ = c0 < c1 < ... < ck = ∞.
In the self-exciting TAR model (SETAR), thj(t) is then defined, using a delay
parameter d, as a concrete delayed value x(t− d).

In order to avoid the sharp switching between models, which might not reflect
well the behavior of the series, smooth switching between regimes can be achieved
by using, e.g., the logistic function:

fj(thj(t)) =
1

1 + exp(−γj(thj(t)− cj))
. (4)

The NCSTAR model uses this smooth kind of regime switching with the
logistic function, and furthermore the following threshold function:

thj(t) = ωjw(t). (5)

Here, w(t) is a vector composed of the relevant delayed and exogenous vari-
ables, and ωj is the weights vector which has length one, i.e., ‖ωj‖ = 1, and the
same dimension as w(t). In the following, we assume that no exogenous variables
are taken into account and all variables of the autoregression are also relevant
for the threshold, i.e., w(t) = (x(t − 1), x(t− 2), . . . , x(t − d))T .
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The most important advantages of the NCSTAR models are their efficient
iterative building process, and their interpretability in terms of fuzzy rule-based
systems. Along with the model definition, Medeiros and Veiga [12] developed a
method to construct the model using an iterative statistical testing procedure.
Furthermore, Aznarte and Beńıtez [1] showed that “NCSTAR models are func-
tionally equivalent to additive TSK FRBS with logistic membership function,”
which facilitates greatly their interpretability, as every regime can be directly
translated into a fuzzy rule.

In total, the NCSTAR model has the nonlinear parameters γj, cj , and ωj

with j = 1, . . . , k as in Equations (4) and (5), that are involved in the regime
switching, and the linear parameters of the single regimes. When the nonlinear
parameters are fixed, the linear parameters can be calculated in a closed form
solution. Since γj , in theory, is a parameter that has to be scaled with the
time series, the series are normalized before application of the NCSTAR model
building procedure. In the version of NCSTAR as proposed by Medeiros and
Veiga [12], the following procedure, which is a combination of grid search and
local search, is used in order to perform optimization of the nonlinear parameters,
whenever a new regime j is added:

– ωj is drawn randomly from a uniform distribution and then normalized to
ensure it has length one. If ω1j < 0, the sign of all elements of ωj is inverted.
This is performed M times, in order to obtain m vectors ωm

j .
– For every ωm

j , cj is defined as the median of ωm
j x, with x being the embedded

time series, i.e., a matrix composed column-wise by the lagged versions of
the series.

– A grid of N values is defined in order to choose γn
j (with n = 1, . . . , N) as

the values 1, . . . , N .

So, the grid consists of N×M initial solutions for the new regime. Starting from
the solution of the grid which, in combination with the regimes already present,
allows for the largest reduction of the error, a local search algorithm is started
to further improve on all parameters. In the original version of the algorithm,
the Levenberg-Marquardt algorithm [13] is used for the local search.

3 Differential Evolution

Differential evolution follows the general procedure of an evolutionary algo-
rithm [8]. DE starts with a population of NP solutions, so-called individuals.
The generations are denoted by G = 0, 1, . . . , Gmax. It is usual to denote each
individual as a D-dimensional vector Xi,G = {x1

i,G,..., x
D
i,G}, called “target vec-

tor.”
After initialization, DE applies the mutation operator to generate a mutant

vector Vi,G, with respect to each individual Xi,G, in the current population.
For each target Xi,G, at the generation G, its associated mutant vector Vi,G=
{V 1

i,G,..., V
D
i,G}. The method of creating this mutant vector is that which dif-

ferentiates one DE scheme from another. In this contribution, we focus on the
DE/Rand/1 which generates the mutant vector as follows:
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Vi,G = Xri1,G
+ F · (Xri2,G

−Xri3,G
) (6)

The indices ri1, r
i
2 are mutually exclusive integers randomly generated within

the range [1, NP ], which are also different from the base index i. The scaling
factor F is a positive control parameter for scaling the different vectors.

After the mutation phase, the crossover operation is applied to each pair of
the target vector Xi,G and its corresponding mutant vector Vi,G to generate a
new trial vector that we denote Ui,G. We will focus on the binomial crossover
scheme, which is performed on each component whenever a randomly picked
number between 0 and 1 is less than or equal to the crossover rate (CR), which
controls the fraction of parameter values copied from the mutant vector. Then,
we must decide which individual should survive in the next generation G + 1.
If the new trial vector yields an equal or better solution than the target vector,
it replaces the corresponding target vector in the next generation; otherwise the
target is retained in the population.

4 Using DE for the Optimization of the NCSTAR Model

In order to use the DE algorithm as a replacement for the combination of grid
search and local search presented in Section 2, we propose the following adapta-
tions:

We define vectors X = {γ1, . . . , γk, c1, . . . , ck, ω11, . . . , ωd1, . . . , ω1k, . . . , ωdk},
which contain all nonlinear parameters γj , cj, and ωj (with j = 1, . . . , k) neces-
sary to define an NCSTAR model. The population of the DE algorithm consists
of NP such vectors.

Regarding the parameter domains, some problems have to be taken into ac-
count: Numerical problems during estimation of the linear parameters of a regime
may occur, if its assigned threshold cj makes it relevant for very few data points
only. And, if the value of γ is high, the smoothness of the transition function
gets lost, which may yield worse generalization properties. So it is important to
choose the parameter domains for the γj and cj properly. In this work, we use
the following:

– Domain of the γj : γj ∈ [0, (max(x) −min(x)) · γ0], with x being the time
series and γ0 being a parameter of the method.

– Domain of the cj: The cj are constrained to lie within the [min(x),max(x)]-
interval.

– Domain and codification of the ωj : In order to manage the restriction ‖ωj‖ =
1, ωj is encoded using n-dimensional polar coordinates [5], so that ωij ∈ [0, π]
for i = 1, . . . , (d− 1), and ωdj ∈ [0, 2π].

The NCSTAR algorithm works then as follows. At first, a linear model is fit
to the time series, and the NCSTAR model is initialized with this first regime.
Then, the method determines if the time series is linear, using a statistical test. If
the result of the test suggests that the series is linear, the method exits, returning
the initial linear model. Otherwise, the iterative building procedure is started.
In iteration k, a (k + 1)-regime NCSTAR model is built in the following way:
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1. In the initial population of DE, an individual composed of the regimes of
the current model with a new, randomly initialized regime, is included. The
rest of the initial population is randomly generated according to a uniform
distribution within the respective domains of the parameters.

2. The nonlinear parameters for all k transitions are computed by the optimiza-
tion algorithm (the linear parameters have to be fitted in each evaluation of
the error function).

3. The statistical test of linearity of the residuals is applied.
4. If the test indicates the need to add a new regime, return to step (1.).

Otherwise, the method finishes.

5 Empirical Study and Analysis of the Results

An experimental study was carried out in order to assess the effectiveness of
the method we propose. In this section, we discuss the time series data that has
been used throughout the experiments, the algorithms that have been compared,
their configuration parameters, and the results obtained.

5.1 Used Time Series

In this study, we used data from the competition NNGC11. We used the series
with the highest numbers of observations, i.e., the series that represent hourly,
daily, and weekly observation recordings. The hourly recorded series represent
airport arrival times of airplanes, and train arrival times at metro stations. The
series recorded daily represent the amount of cars that passed certain tunnels
at the respective days. The weekly recorded data are economic indicators taken
from the oil industry, such as prices or import volumes.

The NCSTAR is a model for stationary time series (as linear AR and TAR
models in general [18]). Furthermore, as seen in Section 4, if the time series is
assumed to be linear due to the initial linearity test of the method, the iterative
building procedure for the NCSTAR model is not used, but a linear model is
built instead. So, we apply the Dickey-Fuller test [16] and the linearity test of the
NCSTAR model to the time series and use only the series that show stationary
and nonlinear behavior. In total, 15 series are used.

The series are partitioned for the experiments into a training and a test set
in the following way: 20% of the data from the end of each series are withheld
during model fitting, and used for testing afterwards. All series considered are
available in the KEEL-dataset repository2.

5.2 Algorithms and Parameters

The R programming language [15] was used to implement the methods and
conduct the experiments. The implementation of the NCSTAR model is based

1 http://www.neural-forecasting-competition.com/datasets
2 http://sci2s.ugr.es/keel/timeseries.php

http://www.neural-forecasting-competition.com/datasets
http://sci2s.ugr.es/keel/timeseries.php
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on code from the package tsDyn [10]. The BFGS algorithm, which is available in
R via the function optim from the base package, is used instead of the Levenberg-
Marquardt algorithm. In the following we call this implementation of the original
algorithm NCSTAR.

Another version of the original algorithm, called NCSTAR-BOX, was also imple-
mented. It uses the L-BFGS-B algorithm, which is a box-constrained version of
the BFGS algorithm, and available through the same function optim (see Ven-
ables and Ripley [20]). The motivation for the use of this two algorithms is, that
the results allow for studying possible effects of the parameter domains specified
in Section 4.

The proposed algorithm, i.e., the version that employs the DE algorithm for
optimization, is called NCSTAR-DE. We use an implementation of DE that is
available in R from the package RcppDE (which is a reimplementation of the
function DEoptim [14]).

The NCSTAR and NCSTAR-BOX algorithms were used with N = 140, and
M =2,000. The N = 140 values of γ are chosen equidistant within the domain
of γ as specified in Section 4, with γ0 = 20 in all our experiments. The local
search algorithm is stopped after a maximum of 20,000 iterations. Therefore, a
total of approximately 300,000 evaluations of the fitness function are performed
for every new regime that is added.

To make a fair comparison, the DE algorithms are used with the same number
of evaluations of the error function. The population size is set to 30 individuals
across all experiments, and 10,000 generations are calculated, which also produces
a total of approx. 300,000 evaluations of the error function for each new regime.
Furthermore, the DE is used with the parameters F = 0.5 and CR = 0.5.

In addition to comparing different NCSTAR models, a comparative study
of the proposed method with other commonly used methods for time series
prediction was carried out. Specifically, we considered ε support vector regression
(SVR), a multilayer perceptron (MLP) trained with the BFGS algorithm, and a
linear AR model. SVR is available in R via the package e1071, which implements
a wrapper for the LIBSVM [7]. The MLP trained with the BFGS is available
through the package nnet [20].

The parameters of the methods have been established with 30 artificial time
series generated by an NCSTAR process. First, a parameter grid was defined
empirically. Then, the set of parameters which yielded the best performance in
all these series, with respect to the root mean squared error (RMSE) in the test
set, was chosen. The parameters finally used for the experiments were cost = 10,
gamma = 0.2, epsilon = 0.1 for the SVR, and size = 9, decay = 0.1, and maxit
= 1,000 for MLP. The model AR has no free parameters.

5.3 Results Obtained and Statistical Analysis

Models were trained for the 15 time series, predictions were made on the re-
spective test sets, and the RMSE was computed for each series. Table 1 shows
the results obtained. The best result for each series is remarked in bold. As the
series are normalized, comparing the RMSE of the different series is feasible.
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Table 1. Experimental results: RMSE on the test set for the 15 time series

Time series NCSTAR-DE NCSTAR NCSTAR-BOX AR MLP SVR

TS-01 0.193 0.200 0.196 0.184 0.181 0.200
TS-02 0.538 0.535 0.538 0.417 0.535 0.661
TS-03 0.903 0.912 0.906 0.813 1.012 0.938
TS-04 0.545 0.617 0.692 0.855 0.551 0.586
TS-05 0.504 0.493 0.559 0.851 0.526 0.530
TS-06 0.455 0.486 0.461 0.426 0.463 0.419
TS-07 1.042 2.435 1.323 0.967 1.075 0.968
TS-08 0.098 0.103 0.120 0.472 0.145 0.159
TS-09 0.176 0.184 0.188 0.558 0.190 0.216
TS-10 0.120 0.099 0.142 0.460 0.155 0.171
TS-11 0.142 0.156 0.153 0.519 0.187 0.173
TS-12 0.221 0.333 0.236 0.639 0.284 0.320
TS-13 0.144 0.157 0.132 0.570 0.203 0.235
TS-14 0.194 0.335 0.261 0.579 0.274 0.255
TS-15 0.153 0.177 0.214 0.655 0.225 0.215

Mean 0.362 0.482 0.408 0.598 0.400 0.403

Table 2. Results of the nonparametric statistical tests

Method Ranks p − value of Holm
NCSTAR-DE 1.87 –
NCSTAR-BOX 3.40 0.0383

NCSTAR 3.47 0.0383
MLP 3.80 0.0140
SVR 4.00 0.0072
AR 4.47 0.0007

Results highlight that NCSTAR-DE obtains the lowest average error. Never-
theless, considering only average results could lead us to erroneous conclusions
because this measure may be affected by the influence of outliers. Due to this
fact, we will accomplish statistical comparisons over multiple data sets based on
non-parametric tests [11]3.

Table 2 presents the statistical analysis conducted. Specifically, we will focus
on the use of the Friedman test, which detects significant differences at a signif-
icance level of α = 0.005. This test computes the set of rankings that represent
the effectiveness associated with each algorithm (second column). This table is
ordered from the best to the worst ranking. In addition, the third column shows
the adjusted p-value with the Holm’s test. Note that NCSTAR-DE is established as
the control algorithm because it has obtained the best (lowest) Friedman rank-
ing. By using a level of significance α = 0.05, NCSTAR-DE is significantly better
than the rest of the methods.

3 More information about these tests and other statistical procedures specifically de-
signed for use in the field of Machine Learning can be found at the SCI2S thematic
public website on Statistical Inference in Computational Intelligence and Data Min-
ing http://sci2s.ugr.es/sicidm/

http://sci2s.ugr.es/sicidm/
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6 Conclusions

The NCSTAR models have an iterative building procedure and can be inter-
preted as fuzzy rule-based systems. Within the building procedure, a nonlinear
optimization has to be performed in each iteration to adjust the model parame-
ters. We propose the use of DE for this task: In each iteration, a statistical test
for linearity is used to determine whether the procedure should terminate or
add a new regime and readjust the whole system using an optimization method
based on DE.

Within the NCSTAR algorithm, characterized as an interpretable model, the
use of DE as a method to adjust its parameters demonstrated to result in sig-
nificantly more accurate models than the combination of grid search and local
search in the original algorithm scheme.

With the use of an evolutionary optimization algorithm for parameter adjust-
ment, the NCSTAR model achieves model accuracy comparable to other stan-
dard time series prediction procedures. Therefore, with NCSTAR-DE, we obtain
an algorithm capable of creating models for time series which are accurate and
interpretable.

Because of the close relationship of the TAR models in general, and NCSTAR
in particular, with fuzzy rule-based systems, it is easy to deduce that the pro-
posed adjustment method presented in this paper could be applied successfully
in the direct adjustment of fuzzy rule-based systems for time series modeling.
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19. Triguero, I., Garćıa, S., Herrera, F.: Ipade: Iterative prototype adjustment for near-
est neighbor classification. IEEE Transactions on Neural Networks 21(12), 1984–
1990 (2010)

20. Venables, W.N., Ripley, B.D.: Modern Applied Statistics with S. Springer, Heidel-
berg (2002)

http://www.csie.ntu.edu.tw/~cjlin/libsvm
http://CRAN.R-Project.org/package=tsDyn


ReactGA – The Search Space Transformation

for the Local Optimum Escaping

Rados�law Ziembiński

Institute of Computing Science, Poznan University of Technology,
ul. Piotrowo 2, 60–965 Poznań, Poland,
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Abstract. This paper describes enhancement to genetic algorithms that
allows them to escape from the local optima during the optimization. The
proposed method relies on the search space transformation that helps in
resumption of the search process. It allows to continue the optimization
for the same population’s size without the random probing of the local
optimum’s neighborhood. It also reduces a necessity for the genetic al-
gorithm’s restart with a differently distributed initial population. In the
result, it can converge to the global optimum after a lower number of
iterations. The proposed method is applicable to optimization problems
described by any number of real–valued variables. The paper describes
this method and presents results from the experimental evaluation that
highlights properties of the proposed method.

Keywords: Evolutionary Optimization, Local Optimum Escaping.

1 Introduction

Stochastic methods of optimization have a long story of successful applications
with many application in the engineering, chemistry, economy and entertain-
ment. The main feature promoting them to these applications is ability of han-
dling computationally complex problems often with non–linear relationships of
parameters and optimized variables. These problems are often very difficult to
solve with available algebraic methods without a significant simplification of
their definition.

The inspiration for the proposed method comes from limitation of the plain
genetic algorithm. More advanced stochastic methods like genetic algorithms
manage the search process. They avoid unnecessary probings of the search space
and have mechanism ensuring convergence. In the result, the search space is then
narrowed to a tiny fraction of the original space. This approach would profit if
this region has a global optimum. But such management introduces additional
risk to the processing. In some cases the search space may become wrongly
narrowed around a local optimum. This would lead to the premature end of the
optimization process far from the best possible solution. The introduced new
technique simplifies the search space in a way allowing to resume optimization
from its dead–end at the local optimum.
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If the optimization process stops at the local optimum then genetic algo-
rithm’s operators are potentially capable to resume the search process. But the
successful resumption would need finding a solution that is better than the so-
lutions from the population. Unfortunately, the existing population weights on
solutions found in the local optimum’s surround and the population converges
quickly to the local optimum. The proposed method uses technique recognizable
as complex fitness scaling. It transforms the search space and removes features
of the search space that would form an obstacle to the resumed search process.
Then, it explores so created transformed search space until better solutions than
the best one was found. If the search process successfully has escaped from the
local optimum then the algorithm resumes exploration for better solutions in
the original search space.

This paper begins from a short description of related works. It introduces to
the problem of the local optima escaping. Then, it describes the proposed concept
and the enhanced genetic algorithm. The paper completes a presentation of some
results from experimental study of the proposed method and conclusions.

2 Related Works

Genetic algorithms are mature stochastic methods inspired by the biological pro-
cess of the evolution adapted as the general purpose optimization method e.g.,
in [4] and [6]. There are already some methods proposed to avoid or escape from
the local optimum e.g., in [5] where many separate sub–populations probe the
search space at different locations simultaneously. Another method proposed in
[5] is fitness scaling. It relies on functional transformation of the search space
what can help in effective avoidance of some local optima. Yet another method
involves a spatial separation of solutions from the population e.g., a method
from [8]. This approach may allow insertion of solutions from the neighborhood
of the local optimum. However, it suffers from costly mutual comparisons of
solutions from the population to keep up the dispersion leading to wasted iter-
ations. Moreover, the choice of distance measure for the particular optimization
problem is not trivial. The paper [7] proposes alternative Gray encoding for the
solution phenotype. This method transforms the search space to another one
with a lower number of local optima. This observation was an inspiration for a
modification of the CHC genetic algorithm from [3] in [1]. The new algorithm re-
peatedly switches the representation to the Gray encoded if it encountered local
optimum (e.g., when the population remains unchanged after some number of
iterations). Some properties of the Gray encoding were critically reviewed e.g.,
[2] and following studies proposed more efficient methods of encoding e.g., [10]
and [9].

From this perspective, the introduced method have following features:

– The proposed method dynamically transforms the search space on the base
of the best solution. The transformed search space is rebuilt each time after
the search process encounters the local optimum. It allows to use unmodified
GA operators in the transformed search space.
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Fig. 1. The original search space and the transformed one

– This method creates the transformed search space with exposed regions
where the search process can find better solutions from the original search
space. The proposed method squeezes a larger part of the search space to a
close neighborhood in the transformed space what increases the scope of the
search process. The tuning of the transformation relies on information from
the current population.

– The search in transformed search space stops if a better solution was found
than the optimal one from the original space. Afterward the search resumes
in the original search space with this new better solution.

3 The Method Description

Single dimensional case in Fig. 1 illustrates the proposed method of the local
optimum escaping. Dots on the utility surface determined by the original goal
function (part A) represent solutions. Clearly, the region on the left contains
better solutions however it cannot be explored by the search method. Gradient
of the search space and narrowed scope of genetic operators cause that the search
process could not be guided to it. This results in the optimization suspension
that could last for unlimited number of iterations.

The increasing of the population size or the increasing of the mutation scope
may lead to the finding of a better solution located left from locally the best
one. However, if the population has converged then this process would be diffi-
cult because similar solutions dominate the population. Therefore, the proposed
method creates the transformed search space what illustrates Fig. 1 (part B).
The transformed search space has removed all ”obstacles” caused by regions with
solutions worse than the best one. Instead, the introduced gradient is guiding
the search process in the neighborhood. Additionally, the gradient has phased
edges. Scope of the phasing depends on the previous local optimum evaluation.
Hence, faster convergence causes more aggressive phasing in the transformed
search phase. Finally, the transformed search space is exponentially squeezed in
direction of the gradient’s center. This allows to browse a wider neighborhood
during the search. In the consequence, the locally optimal solution is the worst
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solution in the transformed search space. Thus, the transformation inverts the
search process to escape it from the local optimum.

The transformation occurs every time if no improvement to the population has
happened after a specified number of iterations. Therefore, subsequently trans-
formed search spaces are different from previous ones. New transformed search
spaces contain a lower number of ”holes” with better solutions inside them as
the optimization progresses. Additionally, the offset position of the transformed
search space follows the coordinates of the best solution from the population in
the original search space. The search process returns to the original search space
after it found in the transformed search space the first solution better from the
locally optimal one. The transformation function for the minimization problem
is following:

st(x, thard, tsoft, d) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 if x < thard

fcrv(d) ·
{
1− (x−tsoft)

(thard−tsoft)

}
if tsoft > x ≥ thard

fcrv(d) if x ≥ tsoft

(1)

The x parameter of the function is the evaluation value from the original search
space, d is the distance from the transformation center, thard and tsoft are thresh-
olds dependent on the current and the previous local optima values. The function
fcrv(d) = 0.0001 + 0.4998 · (cos(2 ∗ PI ∗ d) + 1) determines the curvature of the
transformed space. Moreover, the exponential squeezing determine the distance
transformation function:

sq(s, d) =
1

s−d
− 1 for d ≥ 0 ∧ s > 1 (2)

The following algorithm calculates the proposed transformation of the original
search space to the transformed one:

function artificalGoalFunction

Input: aSol: the evaluated solution

rSol: the reference solution from

the original search space

params: the algorithm’s parameters

ctx: the algorithm’s search context

variables, distance, distance0 = convert(aSol, rSol, params)

eval = evaluate(variables, params)

factor = sq(params.scalingFactor, PI / (4 * params.phase))

if distance > 0 and distance < factor then

return st(eval, rSol.evaluation, ctx.softLimit,

ctx.phase * distance0)

else return 1

The cost of the transformation grows linearly to the number of dimensions.
It mostly includes the calculation of the distance from the solution to the cen-
ter of the transformation. The following pseudo–code transforms artificial space
coordinates to the original space ones:
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Function convert

Input: aSol: the evaluated solution

rSol: the reference solution from the original search space

params: the algorithm’s parameters

factor = 0

// the distance to the transformation center

distanceLnz = euclideanDistanceToTransformationCenter(aSol)

if distanceLnz > 0 do

factor = sq(params.scalingFactor, distanceLnz)

scale = factor / distanceLnz

for i in 1 .. n do // iterate for all dimensions

variables[i] = scale * aSol.variables[i] + rSol.variables[i]

else

variables = rSol.variables // copy coordinates for the center

return variables, factor, distanceLnz;

The scalingFactor context’s parameter controls the exponential squeezing of
the search space. Then, the phase parameter determines a border of the search
neighborhood in the transformed search space. This parameter is cyclically up-
dated if the search process could not find the solution to expand the neighbor-
hood. The third parameter softLimit phases the edges of holes and evaluation of
the previous locally optimal solution determines its value. The variables in the
transformed search space differ from the variables in the original search space
because of the squeezing. Thus, the population replaces the previous one after
each switch between algorithms’ modes if the squeezing is enabled.

4 ReactGA Algorithm

The ReactGA algorithm is basic genetic algorithm with a single population en-
hanced with the proposed local optima escaping method. The following pseudo–
code describes the algorithm:

Function iterate

if testIfPopulationDidNotChanged() then

resetDeadlockCounters()

switchAlgorithmsMode()

if isArtificialMode() then

ctx.phase = iteratePhase(ctx.phase)

convertPopulationToArtificialSpace()

else

ctx.softLimit = getBestSolutionEvaluation()

childSolution = null

if not isArtificialMode() then

childSolution = produceOffspringOriginal()

else

childSolution = produceOffspringArtificial()
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if testIfBetterSolutionFound(child) then

switchAlgorithmsMode()

convertPopulationToOriginalSpace()

updateImprovementIterators()

return childSolution

The algorithm works in two modes switched in the testIfPopulationDid-
NotChanged function. This procedure tests if the population has not changed
after recent iterations before the mode would be switched. The testIfBetter-
SolutionFound function restores the original search space if a better solution
was found. Both functions use counters managed by updateImprovementIter-
ators function. Functions produceOffspringOriginal and produceOffspringArti-
ficial produces offspring using a randomly selected operator. These functions
maintain also the population size. Domains of the original search space and the
transformed one differ because of the exponential squeezing. Thus, convertPopu-
lationToArtificialSpace and convertPopulationToOriginalSpace procedures con-
vert the populations between both ”worlds”. The iteratePhase function manages
the scope of the search process in the transformed search space.

5 The Experimental Evaluation

The experimental evaluation was performed on a single objective optimization
problem with a randomly parametrized goal function called Cave. This func-
tion defines a diversified multidimensional space illustrated in Fig. 2 resembling
interconnected caves. It has following formula:

cave(Vn, δ, Pn,m, En,m, Sm) =

(1 + 1.5 · (e−|1.5·δ−0.75| − e−|0.5·δ−0.25|))

·
∑

i=1...m Si · e−1.5·fdt(Vn,Pn,m,En,m)√
30·fdt(Vn,Pn,m,En,m)

−1.6 · (cos(60 ·Π · fdt(Vn, Pn,m, En,m)) + 2)

fdt(Vn, Pn,m, En,m) =
∑

i=1...m

∑
j=1...n(Vj − Pj,i)

2 ·Ej,i

(3)

Matrices P , E and S parametrize the cave function,m determines the function
complexity and n is the problem dimensionality. The distance from the search
space center specifies δ. The following function generated random parameters of
the Cave function for experiments:

Function generateRandomFunction

Input: dimensionality: the problem’s dimensionality

attractors: attracting points number

detractors: detracting points number

forcesRadius: the influence of forces

m = attractors + detractors

for i in 1 .. m do

C = randomInUnitHyperball()



480 R. Ziembiński

for j in 1 .. n do

if i < detractors then

P[j, i] = C[j] * 0.20 + 0.50

else

P[j, i] = C[j] * 0.40 + 0.50

E[j, i] = random(1, 5)

normalize(E)

distance = euclideanDistance(P, spaceCenterCoords)

S[i] = forcesRadius *

(random(0, 1) + exp(-distance * 10) * (i mod 8))

if i >= detractors then

S[i] = -S[i]

return P, E, S

The parameters attractors and detractors define complexity of the goal func-
tion. If they are increasing then the search space is getting more rippled. The
forcesRadius defines a scale of interferences.

The basic configuration of the Cave function in experiments had 80 attractors
and 20 detractors and the forcesRadius parameter’s value was 0.1. Variables’
values of the feasible solution were in range from 0 to 1. The genetic algorithm’s
population size was 200 solutions. The initial populations for all algorithms runs
had uniform distribution within hyper–box at coordinates 0.15–0.35. Reliable
performance measurements required 32 repetitions of algorithms run for the same
problem configuration but with different randomly generated goal functions and
initial random set of solutions. Presented figures contain averages from these
measurements.

Efficiency measurements were obtained in the experimental comparison of
RactGA to PlainGA, PlainGA SRNS (Small Radius Neighborhood Search),
PlainGA LRNS (Large Radius Neighborhood Search). The PlainGA is a sim-
ple GA with no protection against the local optima. But PlainGA SRNS and
PlainGA LRNS algorithms randomly probe the neighborhood at the local op-
timum. The probing procedure replaces 75% of the population with random
solutions from the neighborhood. This measure may resume the optimization in
the case of the dead–end at the local optimum. The probing scope radius is 0.2
for PlainGA SRNS and 0.4 for PlainGA LRNS from the local optimum location.
The condition that switches the probing procedure is the same as in ReactGA
for switching on the transformation. It occurs if the worst solution from the
population remains unchanged after 50 iterations.

The ReactGA algorithm processing illustrates Fig.2. It is an example of a two–
dimensional search problem. Capital letters in top–left figure (representing the
original search space) label subsequently encountered local optima. This figure
shows convergence of the search process to the global optimum after escaping
the local optima with the help of subsequent transformations. Additionally, the
transformation results illustrate the search process finding its way to the global
optimum.
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Fig. 2. The original 2–dimensional search space and transformed ones after 5000, 30000
and 35000 iterations (darker is better)

Fig. 3. The results after 200000 iterations for different dimensionality and complexity
of the optimization problem (less is better)
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The first experiment has been conducted to measure algorithms’ performance
if dimensionality of the problem is increasing. The left part of Fig. 3 contains
results from this experiment. These results show that the ReactGA is more
efficient than other algorithms for the problems with dimensionality ranging from
4 to 30. If the dimensionality is below 4 then the genetic algorithms with random
probing have similar performance. The low dimensionality helps the random
probing and it appears to be sufficiently dense to find some better solutions
in the neighborhood. However, if the dimensionality increases then the limited
population size cannot ensure sufficiently dense probing and these algorithms’
performance decreases. On the other hand the highly multidimensional cases
with 30 and more dimensions have relatively smooth and vast search spaces.
Complexity of the search function is the same in this experiment thus it has the
smeared distinctive features of the search space over more dimensions. In the
consequence, all algorithms find solutions with almost equal performance.

Fig. 4. The performance of algorithms through 2000000 iterations for 20–dimensional
Cave and Griewank problems

The second experiment has been conducted to measure performance of the
genetic algorithms if complexity of the search function is growing. Numbers of
attractors and detractors were multiplied by an increasing factor presented on the
horizontal axis. However, the proportion of attractors to detractors was always
8/2 and the Cave function was 20–dimensional. Right part of Fig. 3 contains
the results from the experiment. It shows that the efficiency of ReactGA is



ReactGA – The Search Space Transformation for the Local Optimum Escaping 483

growing in relation to the results obtained from other algorithms if complexity
of the problem is growing. This may suggest that the algorithm is relatively more
efficient for diversified search spaces.

The final experiment was conducted to evaluate convergence of studied al-
gorithms. Tested algorithms’ performed 2 millions of iterations. A range of the
Griewank function’s parameters considered in the experiment was from -600 to
600. Fig. 4 illustrates results from this experiment. According to results, Re-
actGA outperforms other algorithms after a relatively small number of itera-
tions. But for the Griewank function all algorithms almost equally converge to
the middle niche. The mechanism for escaping from the local optima in ReactGA
causes slower convergence in the fine structure of the Griewank function. Thus,
it inefficiently wastes iterations on the neighborhood search. Instead, a precise
local search would be required for that. Moreover, the greatest standard devia-
tion characterizes results obtained from ReactGA. The scale effect of the lower
goal function values and higher dispersion of the global optima in 32 computed
cases partially caused these high values of standard deviations.

6 Conclusions

The proposed method enhances genetic algorithms allowing them to escape the
search process from the local optima. The search space transformation technique
is relatively costless in the implementation. Its application costs do not depend
on the goal function complexity but on the problem dimensionality. This method
can substitute some complex genetic operators developed for this purpose. Addi-
tionally, it uses operators already designed for the original search space without
modifications. This feature could be particularly useful for some more advanced
operators organizing the information in solutions.

Following enumeration should conclude some features of the proposed ap-
proach:

– The extended genetic algorithm relies on a single population with constant
size. Even excessive convergence of the population would not prevent this
method from the search process continuation (if it is feasible).

– The method removes all features from the search space that would be obsta-
cles in the search process resumption. The transformation gradually reduces
complexity of the search space. Thus, it can identify subsequently better
local optima.

– Application of the transformation has a low complexity. It depends linearly
on the dimensionality of the search problem.

– The presented method of the local optima escaping is applicable to the prob-
lem described by real–valued variables and the metric search space.

The proposed method can be used with different stochastic optimization meth-
ods. Particularly, the transformation does not change the optimization algorithm
and it only modifies the goal function. However, the parametrization of the trans-
formation has to be done carefully because the gradient introduced by the trans-
formation may misguide more dynamic optimization methods like the particle
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swarm optimization. This may result in a low efficiency of the transformed space
exploration.

The experimental evaluation has shown that ReactGA is more efficient than
compared algorithms with random probing around the local optimum. Conver-
gence of the search process to the global optimum in ReactGA was faster than
in compared competitors. Finally, the obtained results suggest that relative effi-
ciency of ReactGA increases if the roughness of the search space increases. But
very fine structures of the fitness landscape may require additional techniques
to improve their detection.

Concluding, the experiments shown that the proposed method can be suc-
cessfully applied to escape from the local optimum without increasing a size of
the population.
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Abstract. Polyadenylation is an essential post-transcriptional processing step in 
the maturation of eukaryotic mRNA. The coming flood of next-generation  
sequencing (NGS) data creates new opportunities for intensive study of polya-
denylation. We present an automated flow called PATMAP to identify polya-
denylation sites (poly(A) sites) by integrating NGS data cleaning, processing, 
mapping, normalizing and clustering. The ambiguous region was introduced to 
parse the genome annotation by first. Then a series of Perl scripts were  
seamlessly integrated to iteratively map the single-end or paired-end sequences 
to the reference genome. After mapping, the poly(A) tags (PATs) at the same 
coordinate were grouped into one cleavage site, and the internal priming arti-
facts were removed. Finally, these cleavage sites from different samples were 
normalized by a MA-based method and clustered into poly(A) clusters (PACs) 
by empirical Bayesian method. The effectiveness of PATMAP was demonstrat-
ed by identifying thousands of reliable PACs from millions of NGS sequences 
in Arabidopsis and yeast.  

Keywords: next-generation sequencing, empirical Bayesian, poly(A) site. 

1 Introduction 

Polyadenylation is a critical post-transcriptional processing step in the maturation of 
eukaryotic messenger RNA (mRNA) [1]. The location where the pre-mRNA is 
cleaved (also known as the poly(A) site) marks the end of mRNA transcript. Many 
eukaryotic genes possess two or more poly(A) sites [2-4], and thus are involved in 
alternative polyadenylation (APA). APA is a powerful pathway that entails the selec-
tion of alternate poly(A) sites in a pre-mRNA and leads to the production of multiple 
mature mRNA isoforms from the same gene [1].  

                                                           
* Corresponding author. 
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Given the clear importance of APA, it is required that we determine its scope and 
prevalence to further explore and understand the genome. Previous EST-based ana-
lyses showed that over 50% of genes in humans and ~30% of genes in mice [3] con-
tained APA sites. In plants, EST analyses found that APA existed in ~50% of rice 
genes [2] and ~33% of Chlamydomonas genes [5]. The cost and efficiency of EST-
based data for APA studies, however, significantly degrades the polyadenylation in-
formation derivable from the sequences and limits the number of poly(A) sites that 
can be found [6]. Quickly replacing conventional Sanger sequencing, high throughput 
next-generation sequencing (NGS) technologies have provided us the sequences in 
greater depth and coverage. The latest study using NGS data has shown that over 70% 
of Arabidopsis genes use APA sites [4], which is significantly higher than previous 
extent of 25% revealed by MPSS data [7]. The coming flood of NGS data creates new 
opportunities for the more comprehensive study of the polyadenylated transcriptome. 

Till now, our understanding of the polyadenylation-related biological processes such 
as non-templated nucleotide addition [8] and micro-heterogeneity of cleavage sites [3] is 
limited, thus the accurate determination of poly(A) sites using NGS data is still challeng-
ing. Non-templated nucleotide addition before poly(A) tails is found in ~50% of mRNAs 
in Arabidopsis [8] and at both 3’- and 5’-ends of mRNAs in Chlamydomonas [9]. This 
issue, may affect the accurate determination of poly(A) sites, yet has not been explicitly 
addressed in most poly(A) studies to date. Micro-heterogeneity is another complicated 
biological process that a few nucleotides at the 3’-end of many transcripts map to the 
same loci in cleaving pre-mRNA before polyadenylation [4-6; 9; 10]. There are some 
attempts to minimize the likely impact of micro-heterogeneity, Tian et al. clustered the 
cleavage sites within 24 nt to get distinctive poly(A) sites, based on the statistical distri-
bution of distances between adjacent cleavage sites [10]. Shen et al. used 30 nt based on 
the distance between poly(A) signal and poly(A) site [2]. In these studies, different clea-
vage sites from the same genes were clustered into distinctive groups. However, many 
cleavage sites from different transcripts of the same gene may be distributed closely on 
the boundaries of different genomic regions, thus the clustering approach solely based on 
24- or 30-nt intervals is too coarse to allow scrutiny of the potential subtle differences. 
Therefore, a conservative approach in determining poly(A) sites should take into consid-
eration the expression of individual cleavage sites and their gene structural categorization 
(i.e., locations in intron vs. exon).  

We propose an automated flow (called PATMAP) to identify poly(A) sites from 
NGS data, by integrating NGS data cleaning, processing, mapping, normalizing and 
clustering into one pipeline. PATMAP is designed to be generic for different formats 
(e.g., Fasta, Fastq), or different types (e.g., single-end, paired-end) of NGS data. The 
high-quality and high-magnitude poly(A) data from PATMAP will empower individ-
ual researchers to study alternative transcript processing in greater depth. 

2 Materials and Methods 

2.1 Schema of PATMAP 

The schema of PATMAP is shown in Fig. 1. The PATMAP pipeline was imple-
mented by several Perl scripts, integrating some in-house tools as add-ons.  
ParseGFF.pl is a Perl script for parsing the annotation file in GFF format into the 
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required format. RunMapping.pl is a Perl script to seamlessly integrate a series of Perl 
scripts to map the single-end or paired-end sequences to the reference genome. Perl 
scripts including Polyseq2PA.pl, DivideANtag.pl, JoinTAN.pl, parseBwt2PNP.pl 
were implemented for the iterative mapping procedure. After the mapping, 
PAT2PA.pl was used to group the poly(A) tags (PATs) at the same coordinate into 
one cleavage sites, then RemoveIP.pl was used to remove the internal priming clea-
vage sites. We then used ClusterPA.pl to cluster the cleavage sites into poly(A) clus-
ters (PACs). Finally, two Perl scripts AlterPA.pl and AlterPAC.pl were used to parse 
the files storing the cleavage sites and the files recording the PACs into the PAC da-
tabase. Based on the PAC database, we could make further analysis of polyadenyla-
tion or APA, such as detecting differentially expressed PACs and categorizing PACs 
based on their locations. 

2.2 Dataset 

In this study, the NGS data were downloaded from NCBI SRA, including two wild 
type leaf datasets from paired-end sequencing in Arabidopsis [4] and 5 datasets from 
single-end sequencing and 13 paired-end datasets both in yeast [11]. The format (Fas-
ta or Fastaq) or types (single-end or paired-end) of the sequences depend on the se-
quencing technology. Since single-end sequencing only generates the sequences from 
one end, the single-end sequence is easier to be processed than the paired-end se-
quences. Here we take a pair of sequences from the paired-end sequencing [4] for 
example (see Fig. 2). Because the sequence reads have fixed length (75 nt here), there 
are variable length of 5’ and/or 3’ sequencing adapters in the front or at the end of 
each sequence read. Each sequencing run generates two files in Fastaq format, for 
example, PAT1.fastq and PAT2.fastq. PAT1 is the sequence with a poly(T) stretch at 
its 5’ end and PAT2 is the sequence with or without a poly(A) tail at its 3’ end.  
 

 

Fig. 1. Schema of PATMAP 

2.3 Iterative PAT Mapping 

The flow chart of the iterative PAT mapping is shown in Fig. 3. For sequences from 
single-end sequencing, the flow for PAT1 is sufficient for mapping, while if the se-
quences are from paired-end sequencing, then both the PAT1 mapping and PAT2 
mapping should be carried out to get candidate loci. In PAT1 mapping flow, PAT1  
 

NCBI, Public dataGenome sequences FastaGenome annotation GFFPublic Poly A  Data
PAT1 mappingPAT2 mappingPAT2_APAT2_N

Define ambiguous regionLocate cleavage siteRemove internal priming

Generate candidatesMA‐normalization
eBaye-based clusteringOutput PACs PACs in different locations Sense and antisense PACsDE PACs and DE genes APA analysis...
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Fig. 2. PAT1 and PAT2 from paired-end sequencing. YY and XX denote the barcodes for 
separating the sequences of different samples from the same lane. 

with the terminal bar code and a run of 8 or more consecutive Ts are identified and 
the sub-sequence after the poly(T) is also trimmed. The sequence with length shorter 
than 25 nt after trimming is discarded. Otherwise, it is remained for further mapping. 
Since a variable length of adaptor is expected in the remaining sub-sequence (Fig. 2), 
an iterative process is implemented which is designated to minimize the impact of 
non-templated nucleotide addition. Bowtie [12], an ultrafast short read aligner, is used 
in our pipeline for short sequence mapping. Only unique hit and at most two nt mis-
matches are allowed for a perfect match. If there is no perfect match for this sequence, 
then its 3’-most two nts are trimmed for mapping again. This process is repeated until 
the sequence is shorter than 25 nt or multiple hits are found.  

 

 

Fig. 3. PAT mapping for PAT1 and PAT2 

If the raw data is from paired-end sequencing, then the paired-end partners (PAT2) 
to the mapped PAT1 are then filtered and divided into two groups: PAT2_A and 
PAT2_N. PAT2_A stores the sequences with at least 8 consecutive As (i.e., poly(A) 
tail). PAT2_N contains sequences without such poly(A) stretch. The sequences in 
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PAT2_A are trimmed off the poly(A) tail. Both sequences in PAT2_A and PAT2_N 
are then mapped to the genome using the same iterative process as PAT1 mapping to 
recover as many authentic PATs as possible.   

2.4 Determination of Cleavage Sites 

After PAT mapping, the coordinates of the mapped sequences are recorded and re-
lated with genome annotation to define their located genomic regions or intergenic 
regions. Unlike previous study where only the first transcript of the gene was consi-
dered, here the ambiguous region is introduced in the processing of the genome anno-
tation file. Since there may be several transcripts corresponding to the same gene in 
the annotation file, the ambiguous region is defined as the common region shared by 
all transcripts of the same gene. Ambiguous region will make the genome annotation 
on which the further analyses are based more complete, thus enable the more specific 
evaluation of the APA prevalence. 

Using the refined genome annotation, the mapped sequences are then associated 
with their genomic or intergenic regions. If the sequences are not from paired-end 
sequencing, then the coordinates of PAT1 are the final candidate cleavage sites. If 
they are from paired-end sequencing, then the candidate cleavage sites are determined 
using the following criteria: both PAT and PAT2 need to map to the same gene, or to 
the same chromosome on the same strands (either + or -) and within a distance less 
than 1000 nt. After mapping, the candidate cleavage sites that represented possible 
internal priming by reverse transcriptase are discarded using a strategy similar to that 
described in [3].  

Fig. 4 shows some possible cases of paired-end sequences. If PAT2 is of type 
PAT2_A, then the rest of the PAT2 trimmed off poly(A) tail and the rest of the PAT1 
trimmed off poly(T) stretch will be mapped to the same locus which is the cleavage 
site (Fig. 4A). If PAT2 is of type PAT2_N, then PAT2 and PAT1 will be mapped to 
different loci but within a certain distance (Fig. 4B). Interestingly, there is a stretch of 
A in the PAT2 in Fig. 4B, while this A stretch is not a real poly(A) tail of mRNA but 
from the reference genome. This result also indicates that our mapping procedure has 
the ability to differentiate the real poly(A) tail from the mere A stretch. Fig. 4C shows 
a case of internal priming. Though the PAT1 can be mapped to the genome, there is a 
stretch of T (or the complementary As) around the candidate cleavage site. This T 
stretch is actually from the reference genome rather than the mRNA, therefore this 
cleavage site is not real and is discarded.  

 

 

Fig. 4. Cases of paired-end sequences. (A) PAT1 has poly(A) tail, and PAT1 and PAT2 map to 
the same locus; (B) PAT1 and PAT2 map to different loci; (C) Case of internal priming. 

genome ...CTTTGTAATGAGTGACATGTTAAGAAAATGGATCAAGTTTAGTGCCTTATTCTGATCTGATA...
Tag_2                    CATGTTAAGAAAATGNATCAAGTTTAGTGCCTTAAAAAAAAAAA...
Tag_1                      ...ATTCTTTTCCCCAGTTCAAATCACGGAATTTTTTTTTTT...

Genome →
PAT2 →
PAT1 →

(A) 

genome  ...GTTCGAAGATCATAGTTTAGGTTTCAATTCTAGATCTTCCGATTAAGAAAAAAAAATGTAATTAT...
Tag_1   ...GTTCGAAGATCATAGTTTAGGTTTCAATTCTAGATCTTCCGATTAAGAAAAAAAAATGTA

genome  ...TTGGTGTGGTGTAATATATGTCACGTTTTGGTTTATTGAGCGTTAT...
Tag_2   ...AACCACACCACATTATATACAGGGCAAAACCAAATTTTTT....

Genome→
PAT2 →

Genome →
PAT1 →

(B) 

genome  ...TCTCCATCTTTTTCTCTTCCCGCCACATCCGTCTCCTCCTGAAAAAAAGGAAAAATAATAGTGATT
Tag_2      TCCCCTTTTTTTTCTCTTCCCGCCACATCCGTCTCCTCCTGGAGA... (intertal priming) 

Genome→
PAT1→

(C) 
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2.5 Clustering of Micro-heterogeneic Cleavage Sites 

Here we develop an empirical Bayesian based method to cluster cleavage sites into 
PACs. First, the potential clusters of cleavage sites are obtained by iterative grouping 
the cleavage sites within a certain distance. Then, the likelihood that the number of 
PATs in each cluster is similar to background is calculated by empirical Bayesian 
method (eBayes) [13]. The higher the likelihood of the cluster is, the higher similarity 
between the cluster and the background is. We then rank all the candidate clusters in 
order of the likelihood and the cluster whose likelihood is higher than a cut-off is 
discarded.  

To calculate the likelihood by eBayes, first, the prior parameters on the data are es-
timated using Poisson-Gamma method [13]. The discrete data from a set of sequenc-
ing or other NGS experiments is arranged in a matrix such that each column describes 
a sample and each row describes the clusters for which counts exists. Let 

1{ ,..., }nS S S=  denote a set of n samples and 1( ,..., )nt tα α  denote the number of 

PATs for a cluster α  from S. 1( ,..., )nF f f=  is the normalization factor for S. 

Then each cluster can be represented as 

1 1{ ,..., }n nC t f t fα α α=  

Normalization is required when there are more than one sample (n>1). We propose 
a method based on MA-plot [14] to estimate the normalization factors. In a MA-plot, 
y-axis M is the Cy5/Cy3 (or red (R) /green (G)) intensity ratio, and x-axis A is the 
average intensity. M and A are defined by the following equations: 

2 2 2 2log log ;  (log log ) / 2M R G A R G= − = +  (1)

For count data, we calculate M and A for the cluster α  in sample iS  and jS  as 

2

2

log ( / ) log 2( / )

(log ( / ) log 2( / )) / 2

i i j j

i i j j

M t t t t

A t t t t

α α α α αα α

α α α α αα α

= −

= +
∑ ∑
∑ ∑

 (2)

To normalize the sample, first the clusters with no expression in iS  or jS  are 

removed to avoid zero item in log calculation. Then the clusters with extremely high 
or low number of PATs are also filtered out to ensure that these clusters have no im-

pact on the whole library. Set the lower limit of A and M are 0A  and 0M , respec-

tively, then the number of clusters with low number of PATs is calculated as: 

0 0( )AN count A Aαα
= < ; 0 0( )MN count M Mαα

= <  (3)

Here we set the number of clusters with high number of PATs equal to those with 
low number of PATs. The M and A values are sorted and these clusters are removed 
from the library. Finally the observed M values are summarized as the normalization 
factor.  
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To calculate likelihood, given a model O, its posterior probability given Cα  is 

( | ) ( | ) ( ) / ( )P O C P C O P O P Cα α α=  (4)

There are three items required in Eqn. 4. ( | )P C Oα  can be calculated by 

( | ) ( | , ) ( | )P C O P C K O P K O dKα α= ∫  (5)

Studies have shown that Poisson seems appropriate for technical replicates [15], 
thus here we assume that the data is Poisson distributed and the parameters are Gam-
ma distributed for estimating the parameters distribution K and calculating 

( | )P C Oα . The second item ( )P O  is the prior probability of the model, which 

may not be easily provided in many cases. We adopt a method for estimating propor-
tions of differentially expressed genes [16] to estimate these priors. In belief, an initial 
value p for the prior probability is set by first. Then the posterior probability for each 
cluster can be estimated. We then update the prior probability by this posterior proba-
bility. This step is iterated until convergence and the estimate of the prior probability 

*p  can be acquired. The third item ( )P Cα  is a scaling factor, which is estimated 

by summing over all possible models O, given the estimated priors *( )P O . 

3 Results 

3.1 Poly(A) Sites from Arabidopsis 

There were more than 14 million sequence reads of type PAT1 (or PAT2) in the raw 
datasets of Arabidopsis. We compared the PACs obtained from PATMAP with those 
from previous study [4]. There were total 48,821 PACs from PATMAP, while the 
PAC number was higher in previous study (55,505). To find where these PACs were 
enriched, we cataloged PACs based on their localization. As shown in Fig. 5A, there 
were less PACs in 3’ UTR by PATMAP, which was probably due to the use of differ-
ent clustering strategies. In previous study, the cleavage sites within 24 nt were 
grouped as the same PAC in a simple manner, which might result in inaccurate clus-
tering of close cleavage sites and lead to higher number of clusters. In contrast, we 
adopted eBayes to cluster cleavage sites, so that each cluster would be clearly distin-
guished from its background level. To further examine the impact of different cluster-
ing methods on the final clustering result, we compared the distributions of the range 
(or length) of PACs between PATMAP and previous study. As shown in Fig. 5B, 
there is a spike in the distribution of PAC length in previous study, which is due to the 
24 nt parameter. It is clear that PATMAP can identify more reasonable PACs. 

In addition to the advantage of the clustering strategy, PATMAP also distinguishes 
the PACs in ambiguous regions (MISC column in Fig. 5A), which can better charac-
terize PACs with the same loci but located in different regions of different transcripts 
from the same gene. These PACs in ambiguous regions were probably classified as 
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the 3’ UTR PACs in previous study, which might be another reason for the higher 
number of 3’ UTR PAC in previous study. 

To characterize better the PACs in ambiguous region, we identified 345 PACs with 
number of PAT higher than 10, covering 290 genes. Fig. 6 shows one of such PACs 
for gene AT1G49300. There are two transcripts of gene AT1G49300 and two ambi-
guous regions are detected. From the left box of Fig. 6, it is apparent that there is only 
one PAC whose dominant cleavage site has more than 150 PATs. However, if the 
clustering strategy from previous study was used, then these cleavage sites would be 
arbitrarily divided into two PACs, which would probably lead to misevaluation of 
APA prevalence. 

 

 

Fig. 5. Comparison between PATMAP and previous study. (A) Distributions of PACs. (B) 
Distributions of the range of PACs. MISC denotes the ambiguous region. Legend “Other” 
represents the result from previous study. 

 

Fig. 6. An example of PAC in ambiguous region for gene AT1G49300. The blue box is CDS, 
grey box represents UTR, and the ambiguous region is colored in green. The PAC is marked by 
the red vertical line, and the number of PATs is shown on the top. The PAT distribution is 
plotted in the left frame, where x-axis is the distance from other cleavage site to the dominant 
one (zero) and y-axis is the number of PATs of each cleavage site in the PAC. 
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3.2 Poly(A) Sites from Yeast 

In addition to Arabidopsis, we also identified poly(A) sites from several NGS datasets 
in yeast using PATMAP. Surprisingly, although there were more than 200 million 
raw sequences from these datasets, less than 0.5 million PATs had poly(T) tail. It was 
probable that these sequencing protocols did not focus on polyadenylation analysis, 
thus only a very small part of the polyadenylated transcripts were sequenced. Even so, 
our PATMAP was able to extract a moderate number of PACs from these large 
amounts of NGS data. Finally, total 15,666 PACs were identified by PATMAP, 
which was significantly higher than previous study where only 1352 unique poly(A) 
sites were found from ESTs [17].  

To validate whether the identified PACs were authentic, the profile of the single-
nucleotide base compositions surrounding PACs was generated. Such characteriza-
tions was very useful in the validation of poly(A) sites, especially when there were 
not so many data from other platforms available. Jan et al. proposed a method by 
mixing the random sequences from single UTRs with the true UTRs in varying pro-
portions to estimate the fraction of false positives [18]. Here, we also generated the 
single nucleotide profile of Yeast poly(A) sites. The profile of the yeast PACs from 
PATMAP as shown in Fig. 7 was similar to the profile from previous study [17], even 
though the numbers of PACs that contributed to each plot varied by more than a fac-
tor of ten (between 15,666 and 1352 PACs). 

 

 

Fig. 7. Nucleotide composition of PACs in yeast identified by PATMAP 

4 Conclusions 

In the last few years, NGS has provided us with significantly better data for even 
well-studied, well-annotated model species like human and Arabidopsis, while avoid-
ing many of the pitfalls of traditional Sanger sequencing methods. Currently, there are 
many cDNA-genome mapping programs for NGS mapping such as Bowtie [19] and 
GMAP [20], however, these tools typically generate the cDNA or DNA sequence 
mapping result rather than the poly(A)-related information.  Though using NGS data, 
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studies have shown the extensive APA in different species like Arabidopsis, human, 
there is no generic tool or pipeline for identifying poly(A) sites from different kinds 
of NGS data. The coming flood of whole genome transcriptome data demands new 
bioinformatics tools that can exploit new information and identify poly(A) sites for 
more comprehensive polyadenylation study.  

We present an automated flow, PATMAP, that can identify poly(A) sites from high 
throughput NGS data. The ambiguous region, MA-plot and empirical Bayesian me-
thod were incorporated in PATMAP for more accurate mapping of PATs and cluster-
ing of cleavage sites. Especially, the  clustering method embedded in PATMAP was 
significantly better than the iterative clustering method used in previous study [4], in 
that the likelihood of the background levels was considered. Through our new bioin-
formatics pipeline of PATMAP, we acquired an unprecedented quantity of newly-
discovered poly(A) sites in Arabidopsis and yeast. Though some NGS protocols are 
not designed for the study of polyadenylation, for example, the yeast datasets used 
here, PATMAP can still identify much more poly(A) sites from the NGS data than 
from previous ESTs. More importantly, the PACs identified by PATMAP are asso-
ciated with the information about the expression (i.e., number of PATs), which 
enables us to analyze the poly(A) choice under different conditions (e.g., during de-
velopment, in response to stress, or in different ecotypes). The poly(A) dataset gener-
ated by PATMAP will present a unique opportunity to study polyadenylation, APA, 
and 3’ end processing regulation systematically and comprehensively. 

PATMAP is designed to have flexibility in its methodology for NGS sequences 
mapping and cleavage sites clustering. Though PATMAP targets the NGS data, it is 
also applicable in the poly(A) site identification from ESTs due to the similarity be-
tween the EST and single-end sequence. The current version of PATMAP provides 
users with the capability to perform single-end or paired-end mapping using Bowtie 
and to cluster the cleavage sites based on empirical Bayesian method with different 
parameter settings specific to the characteristics of the sequences. With the speedy 
development of machine intelligence in the last few decades [21-23], many hybrid 
artificial intelligence systems have been designed and implemented for the application 
in biology field to address biological questions. In the future, we should be able to 
incorporate other effective hybrid artificial intelligence methods for better clustering 
of cleavage sites. Moreover, we are working hard on integrating other alignment pro-
grams like GMAP, so that users can compare NGS mappings using two different 
programs side-by-side. Efforts are also underway to incorporate the downstream ana-
lyses into PATMAP such as detection of differentially expression poly(A) sites, ana-
lyses of APA. 
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Abstract. This paper addresses the feature subset selection for an automatic 
Arabic speaker recognition system. An effective algorithm based on genetic 
algorithm is proposed for discovering the best feature combinations using 
feature reduction and recognition error rate as performance measure. 
Experimentation is carried out using QSDAS corpora. The results of 
experiments indicate that, with the optimized feature subset, the performance of 
the system is improved. Moreover, the speed of recognition is significantly 
increased, number of features is reduced over 60% which consequently 
decrease the complexity of our ASR system 

Keywords: genetic algorithm; feature selection; speaker recognition. 

1 Introduction 

The speech signal is rich in information and redundancy. The redundancy is robust 
against background noise, distortion and damage suffered by the voice signal. This 
richness expresses the informations that are simultaneously conveyed by the message 
linguistic context, the anatomical features, the state and the socio-cultural constraints 
of the speaker. 

Speech signals contain a huge amount of information and can be described as 
having a number of different levels of information. At the top level, we have lexical 
and syntactic features, below that are prosodic features, further below these are 
phonetic features, and at the most basic level we have low-level acoustic features, 
which generally give information on the system that creates the sound, such as the 
speakers’ vocal tract. Information solely about how the sound is produced (from low-
level acoustic features) should give enough information to identify accurately a 
speaker, as this is naturally speaker dependent and independent of text [1]. 

Low-level acoustic features also contain some redundant features, which can be 
eliminated using Feature Selection (FS) techniques. The objective of feature selection 
                                                           
*  Corresponding author. 
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is to simplify a dataset by reducing its dimensionality and identifying relevant 
underlying features without sacrificing predictive accuracy. By doing that, it also 
reduces redundancy in the information provided by the selected features [2]. In real 
world problems, feature selection is a must due to the abundance of noisy, irrelevant 
or misleading features. Selected features should have high inter-class variance and 
low intra-class variability. Ideally, they should also be as independent of each other as 
possible in order to minimize redundancy. 

Feature selection is extensive and it spreads throughout many fields, including 
signal processing [3], face recognition [4], text categorization [5], data mining and 
pattern recognition [6]. Among many methods that are proposed for feature selection, 
population based optimization techniques [7][8] such as genetic algorithm have 
attracted a lot of attention. These methods attempt to achieve better solutions by 
application of knowledge from previous iterations. Genetic algorithms are 
optimization techniques based on the mechanism of natural selection. They used 
operations found in natural genetics to guide itself through the paths in the search 
space prompting to use them. Because of their advantages, recently, GAs have been 
used as a tool for feature selection in data mining [9]. 

In this paper, we propose a GA-based algorithm for feature selection in VQ-based 
Arabic Speaker Recognition (ASR) system. We apply it to feature vectors containing 
Mel-Frequency Cepstral Coefficients (MFCCs), their first and second derivative. 
Then, feature vectors are applied to a VQ model followed by K-Nearest-Neighbor 
(KNN) classifier used to measure the performance of selected feature vector based on 
recognition rate and selected feature vector size. The rest of this paper is organized as 
follows. Section 2 presents the taxonomy of ASR systems. Genetic algorithms are 
described in Section 3. Section 4 reports discussion of the results obtained. The 
conclusion and future works are offered in the last section. 

2 Automatic Speaker Recognition System 

Automatic speaker recognition refers to recognizing persons from their voice. No two 
individuals sound identical because their vocal tract shapes, larynx sizes, and other 
parts of their voice production organs are different. In addition to these physical 
differences, each speaker has his or her characteristic manner of speaking, including 
the use of a particular accent, rhythm, intonation style, pronunciation pattern, choice 
of vocabulary and so on. State-of-the-art speaker recognition systems use a number of 
these features in parallel, attempting to cover these different aspects and employing 
them in a complementary way to achieve more accurate recognition. 

Automatic speaker recognition systems are generally divided into two categories 
(Figure 1), namely: automatic speaker identification systems which are designed to 
answer the question “who is the speaker?” or automatic speaker verification systems 
that aim to answer the question “is the speaker who they claim to be?”. 
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Fig. 1. Structures of ASR system: Identification (Top) and Verification (Bottom) 

On other hand, speaker recognition can be classified into text-dependent and text-
independent applications. When the same text is used for both training and testing, the 
system is called to be text-dependent while for text-independent operation, the text 
used to train and test of the ASR system is completely unconstrained. In contrast, 
Text-independent speaker recognition usually gives less performance than text-
dependent speaker recognition, which requires test input to be the same sentence as 
training data [10]. 

2.1 Front-End Processing 

Front-end processing is the first component in ASR, therefore the quality of the 
frontend processing will greatly determine the quality of the later other components. 
Speech signal changes continuously due to the movements of vocal system and it is 
intrinsically non-stationary. Nonetheless, in short segments, typically 20 to 40 ms, 
speech could be regarded as pseudo-stationary signal. Speech analysis is generally 
carried out in frequency domain with short segments and it is often called short-term 
spectral analysis. The pre-emphasized stream of digital data is analyzed in frames of 
20 ms, at intervals of 10 ms. The Hamming window is used to reduce the distortions 
caused by the discontinuities at the ends of each frame. 

Depending on the acoustic front-end of concatenated features, the resulting feature 
vectors may have from 20 to 50 components. In real-time speaker applications using 
low-resource devices, like service accessing through portable or embedded device 
with low storage and computational capabilities, 50-dimensional feature vectors do 
not seem suitable. For example, for choosing 20 features from 50 original features we 
have 4.712x1013

 searches. Therefore, a further feature set reduction is needed. 
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2.2 Acoustic Feature Extraction 

The speech waveform contains all information about the speaker, and each step in the 
extraction process can only reduce the mutual information or leave it unchanged. The 
objective of the feature extraction is to reduce the dimension of the extracted vectors 
and thereby reduce the complexity of the system. The main task for the feature 
extraction process is to pack as much speaker-discriminating information as possible 
into as few features as possible. The choice of features in any proposed ASR system 
is of primary concern. Most feature extraction techniques in speaker recognition were 
originally used in speech recognition. However, the focus in using these techniques 
was shifted to extract features with high variability among people.  

Most commonly used features extraction techniques, such as MFCCS and Linear 
Prediction Cepstral Coefficients (LPCCs) have been particularly popular for ASR 
systems in recent years. This transforms give a highly compact representation of the 
spectral envelope of a sound. Delta-features, regardless of what features they are 
based, can be computed as a one-to-one function of the features themselves. 
Therefore, the delta-features do not contain more information than is already in the 
features, and from the theory, no gain can be achieved by using them together with 
the features. However, the delta-features can be used as a simplified way of exploiting 
inter-feature dependencies in sub-optimal schemes. 

The number of features should be also relatively low. Traditional statistical models 
such as the Gaussian mixture model [11] cannot handle high-dimensional data. The 
number of required training samples for reliable density estimation grows 
exponentially with the number of features; this problem is known as the curse of 
dimensionality. The computational savings are also obvious with low-dimensional 
features. On other hand, dealing with hundreds of features leads to the increase of 
computational workload of recognition process. 

MFCC Features. 
State of the art systems use the Mel Frequency Cepstrum Coefficient for speech and 
speaker recognition, because they convey not only the frequency distribution 
identifying sounds, but also the glottal source and the vocal tract shape and length, 
which are speaker specific features. They are extensions of the cepstral which are 
used to better represent human auditory models. The MFCCs are calculated as 
illustrated in Figure 2. 

Differential Features. 
Temporal changes, in speech spectra, play an important role in perception. This 
information is captured in the form of velocity coefficients and acceleration 
coefficients referred to as differential or dynamic features. The first order derivative 
of MFCCs is called Delta coefficients and their second order derivative is called 
Delta-Delta coefficients. The delta coefficients are computed using linear regression: ∆ ∑ 12 ∑  (1)
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where, 2j+1 is the regression window size and x denotes the cepstrum. The second-
order derivatives are computed using the same linear regression applied to a window 
of delta coefficients. 

 

Fig. 2. MFCC features extraction 

2.3 Classifier 

The performance of selected feature subsets is measured by invoking an evaluation 
function with the corresponding reduced feature space and measuring the specified 
classification result. Recognition process was performed using the KNN classifier. 

3 Genetic Algorithm 

Genetic algorithms [12] are a family of computational models inspired by evolution. 
These algorithms encode a potential solution to a specific problem on a single 
chromosome and apply recombination operators to them so as to preserve critical 
information. GAs are often viewed as function optimizers, although the range of 
problems to which GAs have been applied is quite broad. The major reason for GAs 
popularity in various search and optimization problems is its global perspective, wide 
spread applicability and inherent parallelism. GA starts with a number of solutions 
known as population. These solutions are represented using a string coding of fixed 
length. After evaluating each chromosome using a fitness function and assigning a 
fitness value, three different operators selection, crossover and mutation- are applied 
to update the population. The selection is applied on a population and forms a mating 
pool. Crossover operator is applied next to the strings of mating pool. It picks two 
strings from the pool at random and exchanges some portion of the strings between 
them. Mutation operator changes a 1 to 0 and vice versa. An iteration of these three 
operators is known as a generation. If a stop criterion is not satisfied this process 
repeats. This stop criterion can be defined as reaching a predefined time limit or 
number of generations or population convergence. A flowchart of working principles 
of a simple GA is shown in Fig. 3. 
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Fig. 3. Simple Genetic Algorithm 

3.1  GA Optimization Process 

Feature selection (or extraction) techniques can be categorized according to a number 
of criteria. One popular categorization consists of “filter” and “wrapper” to quantify 
the worth of features [13]. Filters use general characteristics of the training data to 
evaluate attributes and operate independently of any learning algorithm. Wrappers, on 
the other hand, evaluate attributes by using accuracy estimates provided by the actual 
target learning algorithm. Due to the fact that the wrapper model is computationally 
expensive [14], the filter model is usually a good choice when the number of features 
becomes very large. In our ASR system, we use an approach similar to one reflected 
in [15], after pre-processing of speech signals, the front-end is used to transform the 
input signals into a feature set (feature vector). After that, Feature selection is applied 
using GA to explore the space of all subsets of given feature set in order to reduce the 
dimensionality and improve the performance. The feature set optimization process is 
shown in Fig. 4. 

3.2 MFCC Features Encoding 

For GA-based feature selector, we set the length of chromosomes as the number of 
features. In a chromosome, each gene gi corresponds to the ith feature. If gi = 1, this 
means we select the ith feature. Otherwise, gi = 0, which means the ith feature is 
ignored. By iterations of producing chromosomes for the new generation, crossover 
and mutation, the algorithm tries to find a chromosome with the smallest number of 
1’s and the classifier accuracy is maximized. 
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Fig. 4. GA optimization process 

3.3 MFCC Features Encoding 

For GA-based feature selector, we set the length of chromosomes as the number of 
features. In a chromosome, each gene gi corresponds to the ith feature. If gi = 1, this 
means we select the ith feature. Otherwise, gi = 0, which means the ith feature is 
ignored. By iterations of producing chromosomes for the new generation, crossover 
and mutation, the algorithm tries to find a chromosome with the smallest number of 
1’s and the classifier accuracy is maximized. 

3.4 Population Initialization 

GA starts by generating an initial population of chromosomes. This first population 
must offer a wide diversity of genetic materials. The gene pool should be as large as 
possible so that any solution of the search space can be engendered. Generally, the 
initial population is generated randomly. The chromosome size is equal to 30 
(10MFCC, 10 ΔMFCC and 10 ΔΔMFCC). We choose the population size m = 50 and 
the maximum number of iterations k = 100. 

3.5 Population Evaluation 

The performance criterion is due to Error Rate (ER) and number of feature selected. 
The best feature subset found is then output as the recommended set of features to be 
used in the actual design of the classification system. In our experiments, the fitness 
function is defined according to Equation (2): . . | | | || |   (2)

where s is classifier performance for the feature subset S, |N| is the total number of 
features, |S| is feature subset length, α ∈[0;1] and β = 1-α. In our experiment we assume 
that classification quality is well important as the subset length and we choose α = β = 0.5. 

3.6 Chromosome Selection 

After evaluating all individuals of the population, we apply the elitist selection 
method. This method allows the genetic algorithm to retain a number of best 
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individuals for the next generation. These individuals may be lost if they are not 
selected to reproduce [16]. 

3.7 Crossover 

Its fundamental role is to enable the recombination of information contained in the 
genetic heritage of the population. We applied the one point cross with the variable 
probability (Pcroossover = % of chromosomes having score > mean (scores). 

3.8 Mutation 

A mutation is simply a change of a gene found in a locus randomly determined. The 
altered gene may cause an increase or a weakening of the solution value that 
represents the individual (Pmutation = 0.02). 

3.9  Replacement 

The elitist replacement is the most suitable in our case; it keeps individuals with the 
best performance from one generation to the next. The weakest individual of the 
current population is replaced by the fittest individual of the immediately preceding 
population. 

3.10 Stop Criterion 

As we seek the optimum, we choose our stopping criterion the maximum number of 
generations even if the optimum is found before, something we can know in advance. 

4 Results and Discussions 

The QSDAS Base [17] is used in this paper. This corpus contains 77 speakers, each 
speaking 21 sentences partitioned in three sets 10, 10 and 1 respectively. The 77 
speakers included in all sets were used during the trials. The effectiveness and 
performance of our proposed GA-based feature selection algorithm is evaluated using 
series of experiments. All experiments have been run on Pentium IV, Windows XP, 
using Matlab 7.0. The classification error rate and feature subset length are the two 
performance criteria considered. Tables I to IV show the feature vector size reduction 
and error rate reduction achieved by our genetic algorithm in case of MFCC, 
ΔMFCC, ΔΔMFCC and MFCC + ΔMFCC + ΔΔMFCC features, respectively. 

Table 1. ER and Selected Feature Vector Size Reduction (MFCC) 

 Size reduction (%) RR improvement (%) 
S1 50,00 10,00 
S2 50,00 10,00 
S3 40,00 5,00 
S4 60,00 10,00 
S5 50,00 10,00 



 How to Reduce Dimension While Improving Performance 505 

Table 2. ER and Selected Feature Vector Size Reduction (ΔMFCC) 

 Size reduction (%) RR improvement (%) 
S1 40,00 5,00 
S2 40,00 10,00 
S3 50,00 5,00 
S4 50,00 10,00 
S5 50,00 10,00 

 

Table 3. ER and Selected Feature Vector Size Reduction (ΔΔMFCC) 

 Size reduction (%) RR improvement (%) 
S1 40,00 10,00 
S2 30,00 10,00 
S3 40,00 15,00 
S4 40,00 25,00 
S5 60,00 10,00 

 

Table 4. ER and Selected Feature Vector Size Reduction (MFCC+ΔMFCC+ΔΔMFCC) 

 Size reduction (%) RR improvement (%) 
S1 43,33 10,00 
S2 43,33 15,00 
S3 40,00 20,00 
S4 53,33 25,00 
S5 60,00 25,00 

 

 

Fig. 5. ER using MFCC for the five sets S1 (top left) to S5 (bottom right) 
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Fig. 6. ER using ΔMFCC for the five sets S1 (top left) to S5 (bottom right) 

 

 

Fig. 7. ER using ΔΔMFCC for the five sets S1 (top left) to S5 (bottom right) 
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Fig. 8. ER using MFCC+ΔMFCC+ΔΔMFCC for the five sets S1 (top left) to S5 (bottom right) 

While Figures 5 to 8 show the evolution of the error rate over the generations. We 
can see that our GA can reduce the dimensionality of features between 30% (the 
worst case) and 60% of original features (in the best case). On other hand, our the 
proposed genetic algorithm has improve the classification rate (reduce the error rate) 
between 5% (in the worst case) and 25% (in the best case) with better results for 
ΔΔMFCC compared to MFCC or ΔMFCC. Even using small feature vector, the 
proposed genetic algorithm can obtain better classification accuracy with smaller. The 
best result is obtained using a subset selected from a combination of all features 
vectors (MFCC+ΔMFCC+ΔΔMFCC) which confirm that the inclusion of new 
parameters improves speaker’s discrimination. 

5 Conclusions and Future Works 

In this paper, we addressed the problem of optimizing acoustic feature set by GA-
based feature selection algorithm. The GA algorithm adopts classifier performance 
and the number of the selected features as heuristic information, and selects the 
optimal feature subset in terms of smallest feature vector size and the best 
performance of system classifier. The experimental results on QSDAS data sets 
showed that our GA is able to select the more informative features without loosing the 
performance; the algorithm can obtain better classification accuracy with smaller 
feature vector which is crucial for real time applications and low resources devices 
systems. The feature vectors size is reduced over 60% that led to a less complexity of 
our ASR system and reduce the ER up to 25%. For future works, we prepare another 
paper on the use of a multi-objective genetic algorithm by separating the two 
objectives (feature vector size and classification error rate). 
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Abstract. Statistical evidence of the influence of neighborhood topol-
ogy on the performance of particle swarm optimization (PSO) algorithms
has been shown in many works. However, little has been done about
the implications could have the percolation threshold in determining the
topology of this neighborhood. This work addresses this problem for in-
dividuals that, like robots, are able to sense in a limited neighborhood
around them. Based on the concept of percolation threshold, and more
precisely, the disk percolation model in 2D, we show that better results
are obtained for low values of radius, when individuals occasionally ask
others their best visited positions, with the consequent decrease of com-
putational complexity. On the other hand, since percolation threshold
is a universal measure, it could have a great interest to compare the
performance of different hybrid PSO algorithms.

Keywords: Particle Swarm Optimization parameters, Percolation
theory, Hybrid PSO.

1 Introduction

Percolation theory appears in very different random structures, including spread
of diseases, fire propagation in forests, phase transition in solids, diffusion in
disordered media, etc. There are number of good reviews of the percolation the-
ory [10,11]. This theory is particularly well adapted to describe global physical
properties, such as the connectivity and conductivity behaviour of geometrically
complex systems. This work analyzes the role of percolation threshold, a uni-
versal measure of connectivity in graphs, to analyze the convergence of swarms
algorithms as a function of the expected number of neighbors at initial step. And
therefore, to develop a framework to compare the performance of hybrid PSO
algorithms. The analysis of the performance of different hybrid PSO algorithms
has been addressed in different works [4,7,3]. However, in this work, we focus
on the concept of percolation threshold as a useful tool to define the parameter
space for which the performance of the basic PSO algorithm is enhanced.

The basic model of PSO by Eberhart, Kennedy and Shi [8,6] is an stochastic
optimization method for D -dimensional functions. Given a population of P in-
dividuals i, 1 ≤ i ≤ P , uniformly distributed on an D -dimensional hypercube of
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size S in points xi = (xi1, . . . , xid, . . . , xiD), each individual moves to next po-
sition according to a velocity vector vi = (vi1, . . . , vid, . . . , viD) both calculated
according to (1):

vid = w ∗ vid + c1 ∗ rand (1.0) ∗ (pid − xid) + c2 ∗ Rand (1.0) ∗ (pgid − xid)
xid = xid + vi

(1)

where values rand(1.0) and Rand(1.0) are drawn at random according to a
uniform distribution in the interval [0, 1]. Velocity vi (t+ 1) is a randomized
linear combination of three forces: (i) inertia, weighted by parameter w ∈ [0, 1],
(ii) the personal attraction c1 to the position pi where the minimum value of a
function f (pi) was found, and (iii) the social attraction to the position pgi of
the best goal remembered by the neighbors of individual i in a given topology.

In many works, the neighborhood of each individual includes the whole pop-
ulation and the best goal pg = pgi is visible for all the agents in a blackboard
architecture. In these cases, the gain in efficiency runs in parallel to the lose of
autonomy of agents in the model. For realistic purposes, as in swarm robotics,
the notion of Euclidean neighborhood is a building block since sensors and effec-
tors have physical limits. Some authors [12,14] have carried out social network
statistical studies to address the effects of neighborhood topology in PSO algo-
rithms, concluding that the topology used conditions strongly the convergence
of these algorithms.

In this work, based on the so called continuum or disk percolation model [1],
we investigate the effect of the percolation threshold according to the topology
of geometric graphs. A geometric graph is a 2D representation of a graph: given
a neighborhood radius R and a square board of size S, let {x1, . . . , xP } be the
initial positions of individuals composing the swarm selected at random following
a uniform distribution. The geometric graph is built connecting each node to all
neighboring nodes in radius R. Percolation disk theory allows the calculus of
the radius R, that ensures a mean of a neighbors per node (called the area
or degree) with parameters of population of P individuals and world size S,
according to (2).

R =

√
aS2

πP
(2)

We study experimentally the convergence of PSO algorithms focusing on the
concept of percolation. The percolation concept comes from chemistry and refers
to the way a liquid flows through a porous medium, like a large piece of pumice
stone and sets what is the probability that the center of the stone is wet when
we immerse it in water. Other example is making coffee: if ground coffee is fine
grained, under a determined threshold for the diameter of grain, water stag-
nates, while over this threshold water falls through coffee. In terms of random
graphs, percolation is identified to the phenomenon of passing from numerous
small connected components to a connected one as a function of the number of
expected neighbors a. The critical value of a receives the name of percolation
threshold ac.
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a) b) c)

Fig. 1. Random geometric graphs with parameters a) a = 0.8, R = 18.426, b) a =
4.512, R = 43.760, c) a = 29, R = 110.941

Percolation is a complex phenomenon which suggests that agents in a swarm
only need a minimum of social information to perform the optimization task,
being redundancy a source of futile complexity. It has been proved [1] with
confidence 99.99% the following bound for the critical percolation threshold ac
and the corresponding critical value Rc, obtained as the average degree over the
squares of any size S:

4.508 ≤ ac � 4.512 ≤ 4.515 (3)

43.741 ≤ Rc � 43.758 ≤ 43.775 (4)

We will show experimentally that neighborhoods of critical radius Rc are
enough to reach goals in a minimum number of steps. The following definitions
and parameters were set in order to compare results with those of [2,5,13].

– Neighbors are determined by the euclidean distance d: let xi be the position
of individual i, NR (xi) =

{
xi1 , . . . , xini

}
is the set of neighboring individuals

in radius R, that is d
(
xi, xij

)
≤ R, 1 ≤ j ≤ ni .

– The neighbors best value of function f known by agent i in its neighborhood
is defined as: pgi = minf

{
pij : xij ∈ NR (xi)

}
, that is, the position pij re-

membered by neighbors (at current position xij ) minimizing goal function
f . The social best of xi is defined as the mean neighbors best value at final

step,
∑

pgi

P .
– Experimental parameters are exactly those given in [5]: a swarm of P = 30

individuals and square side S = 200 and center (0,0). Velocity module |v| =√
v21 + v22 is limited by xmax = vmax = 100, meaning that individuals move

a step forward in the direction of vector v with step length s(v) = vmax if
|v| > vmax and s(v) = |v| otherwise. Clerc’s [2] optimal parameters c1 =
c2 = 1.49445 and constant constriction factor w = 0.729 where used.

– Benchmark functions are those used in [5,13]. The model has been imple-
mented in Netlogo 4.1, running in concurrent mode (individuals are updated
once the run step ends) with a float precision of 16 decimals. An experiment
consists in 100 runs for each function, 20 for each instance of parameter R.
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– We compare results for Clerc’s parameters set [2,5] w = 0.729, c1 = c2 =
1.49445 and Trelea’s parameters w = 0.6, c1 = c2 = 0.7. Since disk percola-
tion threshold is a 2D measure, the dimension will be D = 2 for the scope
of this work. The domain of the benchmark functions will be xmax = 100 =
vmax, as well as the goal, 0.01 for all functions. In this way results concerning
percolation threshold can be easily compared.

2 Analysis of Goals as a Function of the Expected Degree
at Initial Step

Applying equation (2), we explore the success of PSO algorithm as a function
of radius R(a) according to a longitudinal study of the mean degree expected at
initial step.

– Dataset A: 0.000 ≤ a ≤ 0.9, meaning that only a fraction of the individuals
has neighbors: from 0.0 to 0.9 with step 0.1. Table 1 shows the corresponding
neighborhood radius R(a). Each function is run 20 times, so for each R (a)
100 runs were completed.

– Dataset B: 1 ≤ a ≤ 30, from the minimum (1 neighbor) to the maximum
(29 neighbors) plus one, 30 neighbors with step 1. Neighborhood radius R
varies in the interval 20.601 ≤ R ≤ 112.838.

– Best global value registers at each run step the best position remembered
by any agent, that is best − global − val (t) = min {f (pi (t)) : 1 ≤ i ≤ P},
updated every time that an individual finds a smaller value xi (t+ 1) <
best− global− val (t).

– Mean best neighbors value is the average social information over all the
individuals, best − neighbors − vali (t) = min {f (pj (t)) : }, updated every
time that an individual finds a smaller value xi (t+ 1) < best−global−val (t).

Varying the benchmark function and the radius of neighborhood as parameters,
each pair 20 runs, with goal precision 0.01 and a maximum number of iterations
P 2 = 900, results in table 2. Even including the case of neighborhood radius
R = 0, the performance of the PSO algorithm does better for graphs with
initial mean degree 0 ≤ a ≤ 0.9: with the only exception of f1 the mean best
global values are successful reaching the goal 0.01. As was expected, the objective
function has to do in the performance of the algorithm: it is harder to optimize
function f1, but never ceases to amaze that respecting to the social force, less
neighbors means better performance of PSO. In a further section we will analyze
accurately the performance of the algorithm for values a = 0 and 0 < a ≤ 0.9.
The mean iterations (over a maximum of P 2 = 900) averaged over all runs is
similar for datasets A and B.

Figure 2 shows mean values of the best global as a function of neighborhood
radius R (a) calculated according to (2). As it can be appreciated, the best result
corresponds to a disk radius R (a) = 6.515 where the degree a = 0.100 is the first
one being explored. This means that initial configurations, where 10% of individ-
uals have a neighbor, give the best performance. Note that a < log (log (P )) =
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Table 1. Values of neighborhood’s radius R(a) as a function of expected degree a

a 0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

R 0.000 6.515 9.213 11.284 13.029 14.567 15.958 17.236 18.426 19.544

Table 2. Percentage of goals, average best global value and iterations over all runs for
datasets A, 0 ≤ a ≤ 0.9, 0 ≤ R ≤ 19.544 and B, 1 ≤ a ≤ 30, 20.601 ≤ R ≤ 112.838..

Function Goals Best global Steps

A B A B A goal B goal A all B all

Spherical f0 95.50% 100.00% 0.01 0.00 92 56 129 56

Rosenbrock f1 52.00% 9.00% 0.09 0.06 588 370 738 852

Rastrigin f2 95.00% 100.00% 0.01 0.00 82 58 123 58

Griewank f3 100.00% 100.00% 0.00 0.00 2 2 2 2

Schaffer f6 100.00% 100.00% 0.00 0.00 5 4 5 4

Total 88.50% 81.80% 0.02 0.02 108 38 199 195

0.169 since P = 30 and hence each run has computational complexity at most
of the order of P log (log (P )). Over the critical radius Rc the mean global best
stops increasing to become constant.

As one might expect, Fig. 3 shows that the only memory of the best personal
value gives comparatively a poor score. Even so, this score is over the 60%. The
importance of social information is crucial: surprisingly the smallest number of
initial neighbors gives the majority of the goals. Near of the percolation threshold
Rc � 43, 758 the score starts remaining constant. Finally, the mean iterations
needed for success, with a limit of P 2 = 900, reach the minimum at R = 6.515.
From this value, the mean over all the runs slightly increases becoming constant,
near to 195 steps, for values upper to Rc � 43.758. On the other hand, the
average over successful runs decreases until the threshold Rc is passed reaching
a constant value near in mean to 36 steps.

Fig. 2. Mean global best as a function of neighborhood radius R shows that PSO be-
haves better under critical Rc 	 43, 758. Non successful runs are included. A minimum
is obtained at R=6.515 growing until Rc is reached.
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Fig. 3. Number of goals reached as neighborhood R increases

Fig. 4. Mean number of iterations. Square marks represent the mean over all runs and
diamonds over successful runs.

The mean value of social best, that is the average value of the best personal
value of neighbors, was measured at final step. The mean over all runs is pre-
sented in Fig. 2. Beyond value R = 61.804 the mean reaches value 0 rounded
to 3 decimals. This occurs because some individuals fly outside the limits of the
board having 0 neighbors. This curve, as will be shown in next section, seems to
be very sensible to the variations of R, decreasing drastically at critical radius
Rc.

3 Exploring the Disk Percolation Threshold

Values of R around critical radius Rc were finely explored varying degree a along
the interval [4.37, 4.515] just before the critical threshold ac = 4.512 with step
0.001. Hence R(a) varies in the interval [43.066, 43.775] in intervals of 0.01. Each
instance of parameter R was run 100 times, 20 for each function fi. Table 3 shows
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Fig. 5. The mean of social best at final step

the means of goals, the best global value reached and final step. Comparing to
table 2, the total of successful runs equals the goals of dataset A, 88.5%, as well as
the mean best global value, 0.02. The difference with dataset A is in the number
of steps: at critical radius Rc the performance of PSO algorithm decreases to
mean of 42 iterations in successful runs, near to the 38 steps reached in dataset
B. Mean steps, 197, are just in the middle of the 199 obtained for dataset A and
the 195 of dataset B. As a conclusion, the performance of PSO algorithm with
ac between 4 and 5 neighbors is the same as with large values, even when the
neighborhood comprises all agents.

In closing, the curves of mean social and personal values are represented in Fig.
3 together with the global best value and the percentage of goals. Pearson correla-
tions were calculated between all the series being the most significant the negative
correlation between goals and global best, -0.385. We conjecture that the lack of
correlation between variables is a characteristic of the interval around the critical
radius.

Table 3. Percentage of goals and mean best global values. With the only exception of
f1 the mean best global values are successful reaching the goal 0.01.

Goals reached. Best global all. Steps Goals Steps all

Spherical f0 95.50% 0.01 57 57

Rosenbrock f1 52.00% 0.09 509 861

Rastrigin f2 95.00% 0.01 60 60

Griewack f3 100.00% 0.00 2 2

Schaffer f6 100.00% 0.00 4 4

Total 88.50% 0.02 42 197
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Fig. 6. Values just before Rc 	 43, 758: Social and personal information show a great
variability, while goals and global best vary slightly

4 Exploring R in the the Interval [0, 0.9]

As it has been reported in Fig. 2 the minimum value of global best occurs at
a = 0.1, R(a) = 6.515. For the same radius, the Fig. 3 shows a maximum of
successful runs. This suggest that PSO does better with less, but some, social
contact: degree a = 0.1 means that only one in ten individuals has one neighbor
at initial step. The interval R ∈ [0, 0.9] , or equivalently a ∈ [0, 0.001909] was
explored to investigate the pass of having no neighbors to have a minimum
of social contact. A total of 91 instances of R with 20 runs per function were
executed. Table 4 shows surprising results: the 94.13% of the runs were successful
in the interval [0.75, 0.9] with the only handicap of longer iterations, reaching a
mean of 258 steps.

Figure 4 shows that high values of social information are related to increasing
goals and decreasing global values. To corroborate this tendency, the Pearson
coefficient of correlation was calculated in table 5. A very significant positive
correlation exists between the percentage of goals with R and the mean social
best: the major the dispersion of neighbors the major the goals. Conversely, the
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Table 4. Exploration of R ∈ [0, 0.9] subdivided in intervals:

function Goals Steps all

0.0-0.25 0.26-0.50 0.51-0.75 0.75-0.90 0.75-0.90

Spherical f0 60.58% 91.20% 99.60% 100.00% 262

Rosenbrock f1 2.88% 19.80% 50.60% 70.67% 750

Rastrigin f2 60.19% 90.00% 99.80% 100.00% 265

Griewank f3 100.00% 100.00% 100.00% 100.00% 3

Schaffer f6 100.00% 100.00% 100.00% 100.00% 9

Total 64.73% 80.20% 90.00% 94.13% 258

Fig. 7. Comparison of mean goals and the mean social, personal and global best for
small values of R ∈ [0, 0.9]. The minimal contact with neighbors, for radius over
R = 0.6 ensures the convergence.

goals go in a very significant negative correlation with global best: the less the
best global value the more the goals . The mean best global value decreases as
radius R and social best increase.

5 Comparing Different Domain Through Degree a

Experiments in previous sections were made over the same domain conditions of
f0 and f6: xmax = 100, S = 200. Disk percolation theory gives us a way to relate
the expected number of neighbors a to neighborhood radius R of individuals in
spite of different values of parameters of the world, population P and square
side S, were supplied. In table 6 we report values of R for different degree values
a1 = 0.00151, a2 = 0.8, a3 = 29 and at a critical radius ac = 4.512, calculated
according to (2). Table 6 shows that conditions xmax = 100 = S

2 and P = 30
give for each a a corresponding radius R (a) in the intervals studied in previous
sections: R(0.00151) = 0.8 ∈ [0.75, 0.9] analyzed in section 4, R(0.8) = 18.426 in



518 B. Cases, A. D’Anjou, and A. Moujahid

Table 5. Pearson coefficients of correlation for dataset R ∈ [0, 0.9]

Correlation R Social best Personal best Global best Goals Steps

R 1 - - - - -

Social best 0.591 1 - - - -

Personal best -0.122 0.024 1 - - -

Global best -0.908 -0.712 0.049 1 - -

Goals 0.956 0.720 -0.058 -0.947 1 -

Steps -0.96 -0.668 0.042 0.915 -0.967 1

Table 6. Radius values computed for each of the benchmark functions for different
values of a

f ac S P Rc

f0 0.00151 200 30 0.801

f1 0.00151 60 30 0.240

f2 0.00151 10.24 30 0.041

f3 0.00151 1200 30 4.803

f6 0.00151 200 30 0.801

f0 4.512 200 30 43.760

f1 4.512 60 30 13.128

f2 4.512 10.24 30 2.241

f3 4.512 1200 30 262.561

f6 4.512 200 30 43.760

f ac S P Rc

f0 0.800 200 30 18.426

f1 0.800 60 30 5.528

f2 0.800 10.24 30 0.943

f3 0.800 1200 30 110.558

f6 0.800 200 30 18.426

f0 29 200 30 110.941

f1 29 60 30 33.282

f2 29 10.24 30 5.680

f3 29 1200 30 665.648

f6 29 200 30 110.941

Fig. 8. Mean steps with Trelea’s parameters w = 0.6, c1 = c2 = 0.7

dataset A and R(29) = 110.941 in dataset B of section 2 and the critical radius
Rc = R (ac) in section 3. We wonder if a change of parameters values will report
different patterns of PSO convergence.

For each value of parameter a the experiment was repeated 500 times, 100
for each function fi. All the runs converged with the goal precision given in
[5,13]. Hence, the only variable to compare is the mean number of steps, given
in Fig. 5. The same pattern of convergence appears: at small values of
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a < R(a) ∈ [0.75, 0.9] all the experiments converge, but more steps are needed.
From the percolation threshold, a universal measure, the number of steps slightly
decreases.

6 Conclusions

We show in this work that percolation threshold is a tool to analyze the conver-
gence of swarms as a function of the expected number of neighbors at initial step.
While traditionally PSO algorithm is based on the external calculus of the global
best goal by reasons of convergence, we present here experiments suggesting that,
for one hand, very small amounts of information, translated to very low values
of a are enough to provoke the convergence of PSO swarms. Moreover, better
scores of convergence are found. On the other hand, a low degree ac = 4.512
is enough to both purposes: convergence to the minimum and short runs. The
steps needed for convergence become constant from this critical value. Hence,
more neighbors do the same than ac neighbors. Disk percolation threshold is a
measure for 2D systems. Efforts will be made in investigating the calculus of
percolation thresholds for higher dimension. An idea to do that is to compare
the area of the circle of radius R to the surface of the square πR2/S2 looking
for the value of radius R′ such that a D-dimensional hypersphere of this radius
maintain the same proportion with respect to the volume of the hyperboard.

This work can be extended in a further development, comparing previous
hybrid PSO approaches and using more benchmark functions. Moreover, we
think it is of great interest to study the implications of percolation threshold in
fuzzy neurocomputing areas [9], since percolation is considered as a second order
state transition phenomenon, having hence a crisp nature.
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Abstract. Earth’s biodiversity has been suffering the effects of human contami-
nation, and as a result there are many species of plants and animals that are dy-
ing. Automatic recognition of pollen species by means of computer vision helps 
to locate specific species and through this identification, study all the diseases 
and predators which affect this specie, so biologist can improve methods to pre-
serve this species. This work focuses on analysis and classification stages. A 
classification approach using binarization of pollen grain images, contour and 
feature extraction to locate the pollen grain objects within the images is being 
proposed. A Hidden Markov Model classifier was used to classify 17 genders 
and species from 11 different families of tropical honey bee’s plants achieving a 
mean of 98.77% of success. 

Keywords: Pollen grains, Pollen classification, contour features, HMM, con-
tour extraction, noise elimination. 

1 Introduction 

The recognition of pollen grains is an issue that has gained the attention on tropical 
countries, on both the theoretical and practical life. This topic has many applications, 
for example, species recognition, population estimation of species according to its 
biodiversity, knowledge of the extinction’s patterns or region’s reproduction. Within 
the field of pattern recognition, the pollen grains recognition is one of the areas that 
has embodied to this type of classification, not only by its shape or contour but also 
by its color, taking this to a higher level of complexity and variety when classifying 
patterns. 

In the field of automatic pollen species classification, there have been a high num-
ber of research proposals, gaining a lot of progress in the species classification field. 
One of the first works in which texture features and neural networks were used for 
pollen grains identification task is shown in [1]. Another approach is presented by 
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France et al. in [2], which addresses the problem based on improving the quality of 
the image processing; involving the processes of detection and classification of pollen 
grains. There have been many studies which model the features of pollen grains, in 
order to obtain a better classification process, which works as basis to understand the 
improvements made so far in the field. In [3], the shape and ornamentation of the 
grains were analyzed, using simple geometric measures. Measurement of textures 
using concurrence matrices were used by P.Li et al. in [4], using this measurements 
for automated identification process with optical images of pollen grains. Some others 
researchers have combined both techniques described above in their experiments as in 
[5] and [6], which used an approach of a Multi-Layer Perceptron neural network. In 
[7] brightness and shape information were used as vector features to improve its clas-
sification system. Besides these approaches, there are a vast number of methods used 
nowadays. An exciting approach is found in [8], which consists in a combination of 
statistical reasoning, feature learning and expertise knowledge from the application. 
Feature extraction was applied alternating 2D and 3D representations. Iterative re-
finement of hypotheses was used during the classification process. Another interesting 
method describes a full 3D volume recorded database of pollen grains using a confoc-
al laser scanning microscope as found in [9]; this method extracted 14 invariant gray-
scale features based on integration over the 3D Euclidian transformation used for 
classification. A more recent work with an ambitious approach is shown in [10]. It 
describes an automatic optical recognition and classification of pollen grains system. 
This method is capable to locate pollen grains on slides, focus and capture them in 
pictures, and finally identify the species applying a trained neural network.  

There is no doubt the field of computer vision in biology has been made a lot of 
progress; nevertheless, more knowledge is needed combining different types of fea-
tures so the number of species that systems can recognize and classify increments 
considerably.  This work introduces a hybrid classification approach using Hidden 
Markov Models to classify successfully the contour of pollen grains images due to the 
results of previous works in different scenarios that has demonstrated that HMM is 
successful in the image contour classification area. The hybrid proposed system is 
based on image signal processing and decisions support systems, taking the advantag-
es of both techniques to create a useful bioinformatics system to classify species. 
Moreover, this work introduces a contour analysis of pollen grains using a verification 
approach where the images are analyzed and classified by a HMM classifier. Two 
approaches have been used, identification for a first stage and verification for a 
second stage. The first stage consists of a learning process where the systems let us 
identify and classify species; towards that classification, a verification process is done 
to confirm the correct recognition of tropical honey bee’s species, in comparison to 
previous work where identification was the core approach. This approach has given a 
72.92% of success rate in the identification stage, but its success rate has considerable 
increased to 98.77% thanks to the novelty use of a verification process in the recogni-
tion system, being the first work in the area to use a verification stage. We consider 
that the verification stage we have incorporated to the system makes it unique and 
accurate due to the reliability in species recognition. This stage allows the system to 
recognize and classify successfully species of tropical honey bee’s plants that are 
present in the database used. Compared to previous works, if a pollen grain is not 
documented in the database, those systems tend to fail in the identification stage. 
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Nevertheless, the incorporation of a verification process let the system successfully 
indicate that the pollen grain does not belong to a trained class; this way we can un-
derstand bee’s behavior and if those bee’s start to produce honey with different pollen 
grains. Furthermore, this work presents an angular parameterization which provides a 
contour invariant characterization compared to other approaches, removing the prob-
lems of scale, translation and rotation in images. Regarding the biological aspect, 
working with pollen grains contour supposed to have 2 relevant features, the variabili-
ty and the similarity between its species. Likewise, the proposed method in this paper 
encompasses the classification using an HMM classifier due to the benefits it presents 
in pattern recognition as in temporal shape recognition, speech recognition, handwrit-
ing and gestures patterns, bioinformatics and others. The HMM statistical grounding 
gives the freedom to manipulate the training and verification processes as required by 
the problem, and give a mathematical and statistical analysis of the results and 
processes. Moreover, HMM classifiers provide a modular approach thanks to the 
modularity of its architecture, allowing the combination of HMMs into larger HMMs 
improving significantly the classification results. Furthermore, HMM allows incorpo-
rating prior knowledge into its architecture, letting initialize the model close to some-
thing believed to be correct and constraining the training process. The remainder of 
this paper is organized as follows. How the images were preprocessed is being de-
scribed in Section 2. Section 3 describes the feature extraction process followed to 
obtaining the relevant information of the pollen grain contours. The HMM classifica-
tion system used is described in Section 4. Then, Section 5 contains the experimental 
settings applied in this research; as are the database, the experiment methodology and 
the results obtained. Finally in Section 6, the conclusions of this work are shown. 

2 Image Preprocessing 

As can be seen in figure 1, it has been used a colorant to make the samples of each 
pollen grain more visible. Thus, the preprocessing was vital in order to obtain a good 
parameterization. The preprocessing steps are described above, those steps include: 
Binarization Process, Noise Elimination Process and Contour Extraction. 
 

 

Fig. 1. Images to work with. Various kinds of pollen grains surrounded in green circles 

Most pollen grain contour detection algorithms were proposed from binary images, 
which make it appropriate to transform a gray scale (or color) image to a binary one, 
allowing reducing data volume to process. One of the used methods to obtain a binary 
image is through its histogram, obtaining the number of pixels related to each level of 
gray which appears in the image. The binarization process must choose an adequate 
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After the set of points has been calculated, the centroid of the object is obtained 
with formula (1), (2) and (3) where the n vertices are defined by (xi,yi) and the centro-
id correspond to (Cx, Cy). With this information, a triangle can be formed using the 
centroid of the pollen grain been this point the A vertex of the triangle, and the B and 
C vertex would be 2 neighbor points of the contour. Using the Pythagoras’ theorem 
and Cosine’ theorem, the inner angles of the triangle can be obtained.  

 
(1)

 
(2)

 
(3)

Once the angles are obtained, those values are stored and a new triangle is formed; 
keeping the centroid as the A vertex, the new B vertex value would be the same value 
of the C vertex of the last triangle, and the new C vertex value would be the next 
neighbor point of the B vertex. In other words, the B and C vertex are 2 neighbor 
points of the contour taking those points in a clockwise manner as shown in figure 5a. 

The angles used in this feature extraction are angular rather than polar, taking the 
advantage of obtaining information of the contour independent of the size, translation 
and rotation of the pollen grains. Polar angles are not a good choice since polar angles 
gives information dependent of the contour size, being this a relevant factor due to the 
importance of a good classification in which the size does not predominate. This pa-
rameterization is used to treat discrete systems like the Hidden Markov Model 
(HMM) classifier. 

4 Classification System 

The classification system proposed to accomplish the recognition of the pollen grains 
from the features obtained is based in the Hidden Markov Model (HMM). A HMM is 
a string of states q, jointed with a stochastic process which takes values in an alphabet 
S which depends of q. These systems evolves in time passing randomly from one state 
to another and issuing in each moment a random symbol of the S alphabet. 

When the system is in the state qt-1 = i, it has a probability aij of moving to the state 
qt = j in the next instant of time and the probability bj(k) of issuing the symbol ot = vk 
in time t. Only the symbols issued by the state q are observable, nor the route or the 
sequence of states q; that’s why the HMM obtain the appellative of “Hidden” since 
the Markov process is not observable.  

We have worked with an HMM called "left to right" or Bakis, which is particularly 
appropriate for sequences. These “left to right” HMM’s turn out to be especially  
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appropriate for hand edge because the transition through the states is produced in a single 
direction, and therefore, it always advances during the transition of its states. This pro-
vides for this type of model the ability to keep a certain order with respect to the observa-
tions produced where the temporary distance among the most representative changes. 

5 Experimental Settings 

In order to implement the classification system based on HMM classifier, a set of 
experimental settings has been configured. These settings includes the Database used 
in all the experiment scenarios, the methodology followed to achieve a good classifi-
cation result, and the analysis of the results obtained. 

5.1 Database 

The database used has been obtained directly from the Research Center of Tropical 
Bees, CINAT (Centro de Investigación de Abejas Tropicales from its Spanish 
acronym), of the National University of Costa Rica (UNA); located in Heredia, Costa 
Rica.  This database contains a total of 426 pollen grain sub-images corresponding to 
17 genders and species from 11 different families of tropical honey plants from Costa 
Rica. This database has been used in previous research work done as in [14]. 

5.2 Experiment Methodology 

The experiment methodology has been structured using a supervised classification 
technique which consists in using a set of pre-established knowledge to determine the 
best classification scenario. Therefore, this experiment is divided in two stages. The 
first stage describes the learning process based in HMM whereas the principal objec-
tive is to obtain the best model, which is the one capable of classify the contour of the 
pollen grain in every herbage. And the second stage represents the process of verifica-
tion of the pollen grain contour used by the models generated in the learning stage, as 
shown in figure 6. 
 

 

Fig. 6. Classifier procedure 

Learning Process: It has been trained 41 models (one for each species), so the train-
ing was done with 17 different pollen grain contours coming from each different  
species. This training was done with the training function to which it sends as a para-
meter the observation information obtained in the feature extraction process. This 
function defines a state transition matrix and an initial observation symbols matrix. 
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The number of iterations in the HMM is 1681 using 17 types of pollen grain contours, 
this values corresponds to the number of observations obtained of each pollen grain 
contour. The behavior of the HMM classifier consists in comparing the input feature 
information vector corresponding to a determined class, with a set of pattern features 
vector. At least, there should be one pattern feature vector for each of the classes. The 
feature vectors of each class are introduced to a single HMM. For example; in class 1 
there should be an input of the feature vectors corresponding to individual 1, in class 
2 there should be an input of the feature vectors corresponding to individual 2, and so 
on. This way, a single HMM that contains the information of all the individuals is 
generated. Once the HMM is ready, the test mode can be pursued. In this mode, the 
system receives as input a feature vector and the system compares it with model gen-
erated in the learning stage. This comparison takes the maximum of the HMM with 
the output and the identified class. If the output exceeds this maximum, the input 
feature vector belongs to an individual in the database; otherwise the input feature 
vector belongs to an individual outside of the database. 

Verification Process: The HMM classifier is treated as a bi-class classifier. It should 
be created as many models as there are classes, being each model composed by the 
feature vector of a class to which it is considered as positive and all the remaining 
feature vectors to which there are considered as negative. In the test mode of the veri-
fication process, the image to be classified is preprocessed according to the method 
described in Section 2, and then the features of this image are extracted according to 
the process described in section 3. The feature vector of the image to be verified is 
calculated according to the parameterization method chosen in each case. If the output 
exceeds a determined threshold, the pollen grain to be verified would be verified as 
from the class to which the individual is said to belong. Otherwise, the individual is 
rejected. The threshold obtaining process is based in the False Rejection Rate and the 
False Acceptance Rate. According to these concepts, the ROC curves are created, 
which indicates the system reliability. A high FRR indicates a decision threshold too 
strict provoking dissatisfaction from the system users due to the negation of autho-
rized personal. Otherwise, a high FAR indicates a decision threshold too permissive, 
generating a big security problem. The important thing is to obtain an optimal thre-
shold [13]. Representing the values of the rates in accordance to the decision thre-
sholds, it can be obtained a TEER (Threshold of Equal Error Rate) and an EER 
(Equal Error Rate) of the system. The TEER refers to the threshold of EER, whereas 
the FAR and FRR are equal and the EER is the system error. This means that the 
TEER and EER are generated where the cutoff point between FAR and FRR is. Once 
the EER is calculated, the reliability of the system can be calculated through the fol-
lowing expression: 

System Reliability (%) = 100 EER(%) (4)

6 Results and Analysis 

In this section, it is presented serious different tests made with all the feature vectors 
and the classifier. Showing both the results of the identification process and the  
results of the verification process; providing an approach of which feature extraction 
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methods and configurations of the classifiers offer a better Total Success Rate (TSR). 
Once all the results are obtained, it can be verified that the pollen grain contour sys-
tem can identify and verify the individuals in a database, offering an acceptable  
success rate.  The tests performed were made with a database of 43 classes with 17 
samples of each class. In the tests made with the classifier, it has been used 10 sam-
ples for the system training and the remaining 7 samples for test purposes. The results 
of the tests are presented in tables were the column TSR shows the success rate in 
terms of mean and variance. 

6.1 Results for the Identification Process 

The experiments performed and its results obtained with each of the feature vectors 
calculated in the feature extraction process for the identification system using HMM 
are exposed in this section. The tests performed for the identification process were 
repeated a total of 16 times.  

With this method, it was selected a determined number of contour points separated 
the same distance between them. The tests were performed for different number of 
contour points. The number of points selected for the tests comprises a range of 200 
to 400 contour points, taking into account that the number of points is expressed in 
the form of which it takes 1 point and skips 16 points. The states of the HMM has 
been varied in a range of 100 to 200 states. This variation in the number of states of 
the HMM and the number of contour points selected has been used to create a high 
number of test scenarios, indicating that overpassing those boundaries, the results 
tends to decrease considerably making these values a good set to reach variation in 
the results during experimentation of the proposed system.  

Based on those experiments, it has been found that the best combination results are 
those who have an approximate relation of 2 contour points by each HMM state. It 
has been obtained a large number of results related to the variation in the number of 
states of the HMM and the number of selected contour points. From these results, it 
can be noticed that while the number of points chosen increase the results decrease, 
not being optimal results; as we can see in table 1. Among all the experiments done, it 
has been found that the combination of 280 selected contour points with 140 number 
of states for the HMM has given the best results in the identification process of the 
classes of the pollen grains as shown in table 1. 

Table 1. Identification of pollen grains contour 

Number of Points 
Chosen 

Number of States 
HMM 

TSR 
Mean%±std 

350 180 54.17±5.89 
300 160 70.83±5.90 
280 140 72.92±2.95 
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In the classification process, it has been used a classifier based on HMM. Knowing 
that in most cases, by not specifying that all, the pollen grains have a circular form 
regardless of the termination of its class noting 2 different types of pollen shapes. This 
classification has given a good result which it helps to explain some issues: a)The 
number of points to be selected is a relevant factor since choosing a lower number of 
points in comparison to the optimal, the shape of the pollen grain could be lost con-
verting it into a simple circle; and choosing a higher number of points would give us a 
lot of details in the pollen grains, causing worst results due to the memorization of the 
shape and not being able to recognize the shape pattern of pollen grains of the same 
species. This way, choosing the number of points to be selected is a crucial task so 
this number can create a balance between generalization and memorization allowing 
the system to correctly identify and classify the species. And, b) By introducing a 
higher number of points, the results would be impoverished due to the inclusion of 
noise to the classifier, giving bad results as seen in table 1. 

6.2 Results for the Verification Process 

The experiments for the verification process were performed only with the method 
were the best result has been obtained. Thanks to the identification system, the best 
result scenario has been obtained due to the combination of 280 selected contour 
points with 140 number of states for the HMM. Therefore, this result is used as a 
basis for the verification process. As a reminder, while in the identification process it 
was created just a single model with all the classes in it, for the verification process it 
is created a model for every class in the database where each of this models corres-
ponds to a different class in the database. Each one of these models is evaluated, and 
the results are obtained varying the output threshold, obtaining the FAR and FRR for 
every value of the threshold. These rates are obtained analyzing the number of pollen 
grains images falsely accepted and the number of pollen grains images falsely re-
jected depending on the threshold. From the representation of FAR and FRR, the EER 
and the TEER can be obtained. As shown in figure 9 and table 2, the results of EER, 
TEER and the Reliability of the system for the performed tests for all the classes in 
the database, are calculated according to the equation given in section 5.2, it can be 
considered that a verification process can be done with a high level of credibility. 
 

 

Fig. 7. Cutoff points for the verification 
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Table 2. EER, TEER and Reliability of the system obtained with HMM 

EER TEER Reliability 
1,23% -217 98,77% 

7 Conclusions 

This work has introduced a classification system through the pollen grain contour, 
being capable of performing the recognition and verification of the pollen grain. The 
preprocessing stage has been a little bulky in the process of finding the appropriate 
threshold for the binarization of the image. The ideal method would be to calculate 
the threshold for each image, but this couldn’t be done due to the obtainment of the 
images captures. The solution presented in this paper was performed by obtaining  
the mean of the thresholds establishing this mean as the binarizarion threshold. In the 
feature extraction stage, 2 methods of parameterization have been proposed; obtaining 
angular angles and polar angles. For this 2 methods, it has been obtained a better re-
sult using the angular angles because these values does not depend on the size of the 
pollen grain, gaining a better TSR result. The success rates in identification are 
around 72.95% with a variance of 2.95 and a trust interval of 0.5; having for the veri-
fication process a reliability of 98.77% working with our database. This shows that an 
approximate relation of 2 contour points by each HMM state, is the optimal choice to 
model the contour of pollen grains, letting the system identify and validate the differ-
ent species of tropical honey bees. It is important to mention that this classification 
method proposed gives a better result rate than the methods presented previously by 
other authors like [4], [5], [6] and [7]. Moreover, this paper has contributed with a 
taxonomical quantitative model, showing that the pollen grain contour classification 
system can simplify the features in the moment of its classification obtaining a suffi-
cient discriminatory result. 

Acknowledgements. This work has been supported by Spanish Government, in par-
ticular by “Agencia Española de Cooperación Internacional para el Desarrollo” 
under funds from D/027406/09 for 2010, D/033858/10 for 2011 and A1/039531/11 
for 2012. 

References 

1. Li, P., Flenley, J.: Pollen texture identification using neural networks. Grana 38(1), 59–64 
(1999) 

2. France, I., Duller, A., Duller, G., Lamb, H.: A new approach to automated pollen analysis. 
Quaternary Science Reviews 18, 537–536 (2000) 

3. Treloar, W.J., Taylor, G.E., Flenley, J.R.: Towards Automation of Palynology 1: Analysis 
of Pollen Shape and Ornamentation using Simple Geometric Measures, Derived from 
Scanning Electron Microscope Images. Journal of Quaternary Science 19(8), 745–754 
(2004) 



532 N.M. García et al.  

 

4. Li, P., Treloar, W.J., Flenley, J.R., Empson, L.: Towards Automation of Palynology 2: The 
Use of Texture Measures and Neural Network Analysis for Automated Identification of 
Optical Images of Pollen Grains. Journal of Quaternary Science 19(8), 755–762 (2004) 

5. Zhang, Y., Fountain, D.W., Hodgson, R.M., Flenley, J.R., Gunetileke, S.: Towards Auto-
mation of Palynology 3: Pollen Pattern Recognition using Gabor Transforms and Digital 
Moments. Journal of Quaternary Science 19(8), 763–768 (2004) 

6. Rodriguez-Damian, M., Cernadas, E., Formella, A., FernandezDelgado, M., De Sa-Otero, 
P.: Automatic detection and classification of grains of pollen based on shape and texture. 
IEEE Transactions on Systems, Man, and Cybernetics, Part C: Applications and Re-
views 36(4), 531–542 (2006), doi:10.1109/TSMCC.2005.855426 

7. Rodriguez-Damian, M., Cernadas, E., Formella, A., Sa-Otero, R.: Pollen classification us-
ing brightness-based and shape-based descriptors. In: Proceedings of the 17th International 
Conference on Pattern Recognition, ICPR 2004, August 23-26, vol. 2, pp. 212–215 (2004) 

8. Boucher, A., Thonnat, M.: Object recognition from 3D blurred images. In: Proceedings of 
16th International Conference on Pattern Recognition, vol. 1, pp. 800–803 (2002) 

9. Ronneberger, O., Burkhardt, H., Schultz, E.: General-purpose object recognition in 3D vo-
lume data sets using gray-scale invariants - classification of airborne pollen-grains record-
ed with a confocal laser scanning microscope. In: Proceedings of 16th International Confe-
rence on Pattern Recognition, vol. 2, pp. 290–295 (2002) 

10. Allen, G.P., Hodgson, R.M., Marsland, S.R., Flenley, J.R.: Machine vision for automated 
optical recognition and classification of pollen grains or other singulated microscopic ob-
jects. In: 15th International Conference on Mechatronics and Machine Vision in Practice, 
M2VIP 2008, December 2-4, pp. 221–226 (2008) 

11. González, R.C., Woods, R.E.: Digital image processing, 2nd edn. Prentice Hall, Upper 
Saddle River (2002) 

12. Chen, Y.W., Chen, Y.Q.: Invariant Description and Retrieval of Planar Shapes, Using Ra-
don Composite, Features. IEEE Transaction on Signal Processing 56(10), 4762–4771 
(2008) 

13. Bricego, M., Murino, V.: Investigating Hidden Markov Models Capabilities in 2D Shape 
Classification. IEEE Transactions on Pattern Analysis and Machine Intelligence 26(2), 
281–286 (2004) 

14. Ticay-Rivas, J., Pozo-Baños, M., Travieso, C., Arroto-Hernández, J., Pérez, S., Alonso, J., 
Mora-Mora, F.: Pollen Classification basedon Geometrical Descriptors and Colour Fea-
tures using Decorrelation Stretching Method. In: Proceedings of 12th INNS EANN-SIG 
International Conference, EANN 2011 and 7th IFIP WG 12.5 International Conference, 
AIAI 2011, vol. 2, pp. 342–349. Springer, Heidelberg (2011) ISSSN: 1868-4238, ISBN: 
978-3-642-23959-5 



Modelling Stress Recognition in Conflict Resolution
Scenarios

Marco Gomes, Davide Carneiro, Paulo Novais, and José Neves
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Abstract. The current trend in Online Dispute Resolution focuses mostly on the
development of technological tools that allow parties to solve conflicts through
telecommunication means. However, this tendency leaves aside key issues, namely
the context information that was previously available in traditional Alternative
Dispute Resolution processes. The main weakness of this approach is that conflict
resolution may become focused solely on objective issues. In order to overcome
this inconvenience, we move forward to incorporate context and behavioural in-
formation in an Online Dispute Resolution platform. In particular, we consider
the estimation of the level of stress and the prediction of the stress state evolu-
tion. As a result, the conflict resolution platform or the mediator may predict to
what extent a party is affected by a particular matter, allowing one to adapt the
conflict resolution strategy to a specific scenario in real time.

Keywords: Hybrid Artificial Intelligence Systems, Online Dispute Resolution,
Stress, Cognitive Activation Theory of Stress.

1 Introduction

Online Dispute Resolution (ODR) is a form of dispute resolution that takes place par-
tially of wholly in a digital environment [3]. The use of technological solutions in
this field is nowadays well established. However, the current trend continues to focus
mainly on the development of technological tools. As a result, the actual ODR systems
leave aside important issues that are present in traditional dispute resolution processes,
namely, the context-dependency issue. This issue has a preponderant role in human be-
haviour. The omission of context and behavioural information can influence the course
of action and, consequently, the outcome of a conflict resolution scenario. The use of a
synergistic combination of multiple Artificial Intelligence techniques [9] [10] and, more
particularly Ambient Intelligence techniques, can help to suppress this lack.

In order to address this challenge this work aims to develop mechanisms that oper-
ate in the virtual environment of ODR to collect context information and perceive the
activities being performed. Basically, the underlying intent is to extend the traditional
technology-based conflict resolution, in which a user simply interacts with the system,
with a new component: an intelligent environment. These environments are pervasive
and transparent, i.e. a person should not perceive the environment in any other way than
by the actions it executes. This is important since when people are aware that they are
under monitorization, they tend to behave differently.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 533–544, 2012.
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With this approach it is expected to provide useful context knowledge to support
the lifecycle of the conflict resolution model. The main objective is to capture context
information that can be used by conflict resolution platforms to achieve better and more
satisfactory outcomes for the involved parties [7]. This will include the estimation of
the level of stress, the attention level, behavioural patterns, among others. Being able
to make assumptions about the information that can be used to characterize a person’s
situation is extremely relevant to assist a conflict resolution platform finding the path to
achieve successful outcomes [5]. From the point of view of the (electronic or human)
mediator, the access to this information is also vital in order to plan the right strategy
and perceive how each issue affects each party, much like it is done in traditional conflict
resolution processes, when parties meet face-to-face.

2 The Stress Interpretation and a Multimodal Approach

Many experts endorse the original definition of stress concept to the proposed by Hans
Selye [21], who coined the term as it is presently used. He defined the stress like a
non-specific response of the body to any demand placed upon it. Selye conceived of
external demands as stressors (the load or stimulus that triggered a response) and the
internal body changes that they produced as the stress response (triggered by a load or
a stimulus). He was the first person to document the chemical and hormonal changes
that occur with stress. However the definitions provided were not conclusive for the
entire scientific community. The concept of stress is still an open discussion in the
scientific community. The main reason for this lies in the multiplicity of factors and
the subjective nature of stress phenomenon, which led to multiple interpretations. With
so many factors that can contribute to stress it can be difficult to define it. In this open
discussion some argue that the stress concept is elusive because it is poorly defined
[11] and others prefer to not define the concept until stress research reach a consensual
significance. Meanwhile, scientists have circumvented the problem of a clear and agreed
definition of stress by defining it empirically. It’s difficult to measure stress if there is
no agreement on what the definition of stress should be, but this does not prevent the
advancement of science in this area but this has not stopped the advance in this field.
Researches start to focus upon cognitive and behavioural causes for stress, and stress
became viewed as a mind-body, psychosomatic, or psycho-physiologic phenomenon.
A free interpretation of this phenomenon could refer stress as a physico-physiologic
arousal response occurring in the body as result of stimuli, and these stimuli become
a stressor by virtue of the cognitive interpretation of the individual. This will be our
interpretation of stress that will serve as a cientific starting point to modelling stress in
the conflict resolution scenarios.

Some experimental results [18] demonstrate that single-modality features are not
sufficiently precise for stress recognition, while the integration of multiple-modality
features are very helpful for accurate stress recognition. The following generic diagram
(Fig. 1) represents a multimodal approach to the stress recognition problem. It consists
of two portions, the leftmost portion, from left to the “stress” node, depicts the elements
that can alter human stress. These elements are included in “context” node and repre-
sent the generalization of two main categories (sources of contextual information): the
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Fig. 1. A generic diagram for representing multimodality space in the recognition stress model.
Due the space limit we don’t draw all the features considered

“user-centric” context and “environmental” context. On the other hand, the rightmost
portion of the diagram, from the “stress” node to the right portion, depicts the observ-
able features that reveal stress. These features include quantifiable measurements on the
user’s physical appearance, physiology, behaviours and performance.

The “context” node is divided in two types according to the source of contextual
information, namely, the “user-centric” and the “environmental” context. User-centric
information is composed of two categories: the background and the dynamic behaviour.
The background is composed by several attributes that can be extracted from the user’s
profile. These attributes are the age, gender, working area, social status, personality
traits among others. The dynamic behaviour reflects the contextual attributes related
to the user’s activity within the conflict resolution platform. These can be depicted by
the intention of the user (if he/she really wants to achieve an outcome) and by the ac-
tivity (if the user is an active or passive party in the process). The “environmental”
information fuses the physical environment characteristics, social environment infor-
mation and computational environment measurements. Physical environment includes
attributes such as the time, temperature, location, noise level, and luminance. High lev-
els of noise, extreme temperatures and low levels of luminance are well known potential
stressors. The social environment is related to the social conditions when a user inter-
acts with the system, like the population density when a user interacts with the plat-
form (number of surrounding people per unit of area). The computation environmental
context can be characterized by the measurement of the electromagnetic field and the
number of surrounding electronic devices.

Among the features that can reveal stress, those that can characterize the “behavioural”
node are the user’s conflict style [6] (a conflict style can be a coping strategy in response
to stressful conflict [24]), his/her interactions with the computer, the mouse/touch screen
pressure from clicks/touches, his/her agitation level (through the sensory data from the
accelerometer placed in mobile devices or by analyzing movement), as well as input
frequency and speed. Also, the “performance node” is depicted in terms of accuracy
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and response, where the accuracy feature is related to the amount of touches in particu-
lar areas in the platform interface and the response feature corresponds to the analysis
(qualitative and temporally) of user’s responses to the conflict resolution demands. The
physiological variables provide observable features about the user’s stress state [20].
These features can be Galvanic Skin Response (GSR), that assesses the electrical pro-
prieties of the skin in response to different kinds of stimuli, and General Somatic Ac-
tivity (GSA) that assesses the minute movement of human body and many others such
as respiration, pupilographic activity among others. Physical appearance includes the
visual features that characterize the user’s eyelid movement such as pupil movement
(e.g. eye gaze, papillary response), facial expression or head movement. In addition,
this is flexible enough to allow the insertion and modification of variables. For exam-
ple, the variables under the behavioural node may vary with different applications, and
the variables under the physiological node may change, depending on the availability
of the requiring measuring devices.

3 Dynamic Stress Recognition Model

The ability to recognize human stress can have a determinant role in conflict resolution
process. Having the information about the level of stress of the disputant parties is quite
important in order for a mediator to correctly understand how each issue or event is
affecting each party.

Fig. 2. An overview of the dynamic stress recognition system embedded in an intelligent
environment
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Various approaches have been developed to recognize and detect user stress [22]
[15] [4] [18]. The approaches or systems differ from each other in either the evidence
modalities, or detection techniques, or both. Overall, our approach differs from the cited
ones in that it employs the dynamic techniques to unify detection with stress prediction,
utilizes evidences from multiple modalities, and is validated with psychology theories.

In order to enrich the conflict resolution process with this ability, one must consider
the detection and prediction of stress evolution in real-time. These two complementary
modules compose the stress recognition model. The first one, tries to measure in each
time instance the stress, and the second gives an outlook as stress is evolving, based on
the Cognitive Activation Theory of Stress (CATS). Based on this information, the (elec-
tronic or human) mediator is able to perceive how the state of each party is evolving.
Figure 2 streamlines the mains procedures in applying the dynamic stress recognition to
conflict resolution environment. At each time t, the platform performs three procedures
- sensor optimal set, stress recognition, and returns information. Specifically, the system
decides an optimal sensory action set to collect data with a sensor selection strategy. The
collect data are propagated through the stress recognition model. Through this model,
the stress detection module computes the stress value at time t and the stress prediction
model (based in CATS) determines the tendency of stress evolution for time t+1. After
the provision of information to the users, their stress levels may change and new evi-
dences need to be collected. Thus the system goes to the next step and repeats the three
procedures.

3.1 The Stress Detection Module

Sensor measurements inherently incorporate varying degrees of uncertainty and are, oc-
casionally, spurious and incorrect. It is extremely important to select just the necessary
set of sensors that can provide the more accurate and consistent data in each moment.
To fulfil this restriction, the system must select, in each phase of the stress recognition
process, a subset of sensors that is the most relevant and cost effective. Determining the
most informative and cost effective subset of sensors requires an evaluation of all pos-
sible subsets of sensors, which is computationally intractable. To address the problem
of sensor selection on the application layer we base our approach in Yongmian Zang
and Quiang Ji [28] sensor selection methodology. Specifically, the authors propose four
steps: (1) a Bayesian Network to represent the sensor and their dependencies; (2) a sta-
tistical measure to quantify the pairwise sensor synergy; (3) the construction of a syn-
ergy graph; and (4) a greedy algorithm is applied to identify the near-optimal subset of
sensors. Some experiments were performed [28] and demonstrated that the least upper
bound can approximate closely of the mutual information value. This permits to cir-
cumvented the computationally intractable problem of assess the mutual information
value of all variables. The presented sensor selection approach reduces the computa-
tion time with minimum loss accuracy, comparing with others methods like the random
methods and the brute force approach. In the other hand, this methodology, as presented
for Yongmian Zang and Quiang Ji [28], have some limitations. Namely, the assumption
of all sensors have the same cost benefice and the non-existence of any conditionally
dependence between them. These limitation can be considered strong barriers to imple-
menting a real-time conflict resolution system. Thus, some adjustments will exist in the
future work.
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Processing of Sensor Data. The management of the raw data captured by the selected
sensors is a challenge in stress recognition, as well in many other scenarios. The differ-
ences among evidences (observable features that are capable of providing clues about
the person’s stress state) and within the same evidence can be from temporally and spa-
tially separated experiences. To overcome this, the processing of sensor data must be
well managed in order to make the information and accuracy losses minimum in the
process of transforming raw data. In ODR systems events can occur within very dif-
ferent temporal windows (e.g. a party may wait for a proposal a few minutes or a few
hours or days). In that sense we defined dynamic temporal windows. Instead of prede-
termining a static value for the duration of the windows, we support that the temporal
windows must be adaptive, i.e this approach is event-oriented. It is clear that indepen-
dently of the size of the temporal window, the system continues to select and record the
sensor measurements. The difference resides in the times in which the other stages of
the stress recognition system are fed. In our view, the most appropriate (considering the
ODR characteristics) time is the interval between events that occur in the platform. In
the remaining of the document, the letter t will denote the previously referred temporal
window.

Feature Extraction. For each feature, a different extraction technique can be used.
However, some techniques can be applied to more than one feature. For example, when
there is a loss of data an interpolation method (curve fitting or regression analysis)
could be used to fill the gap. Due to the specific sensory data that derives into multiple
and different values, we just highlight some of the features considered. The values of
physiological features like the GSR and the Pupillary Activity (PA) can be obtained
by the analysis of the mean value of the GSR and PA measurements. Visual feature
extraction starts with eye detection and tracking, which serves as the basis for subse-
quent eyelid movement monitoring, gaze determination, and face orientation estima-
tion. Behavioural features can be elicit through the analysis of the negotiation activity
and the parties’ interactions with the platform. Context features can be extracted from
the party’s profile using a simple form to capture the age, gender, working area, social
status, personality traits, among others. After this process, all the features are normal-
ized to a value in the range [0, 1] using max-min normalization. Not all the values of
features need to update further stages of the stress recognition model. This is due to
the fact that these values may not vary much between time t − 1 and t and, also, be-
cause some features assume static values. For example, the contextual information has
some attributes that will not vary during the session in the conflict resolution platform,
like the gender, the age, the work occupation among others. Thus being, the extraction
techniques will only act after the verification of a significant variation in these param-
eters. This verification must be performed by an Analysis of Variance technique (e.g.
ANOVA) to performs the role of selecting, with a certain threshold, which values of
features should be taken into account in computing the variable value.

The Figure 3 gives an overall vision of how sensory data is processed, from the near-
optimal sensor selection to the analysis of variance. The main function is to provide
normalized data to compute the stress value. In the next section, the variables (modali-
ties) will be the normalized values of all features analysed in this process.
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Fig. 3. The conceptual elements of the stress computation process

Decision Level Integration. To integrate all the multimodal evidences referenced in
this work (see Sect. 2) we have chosen a decision level integration strategy. This strategy
allows asynchronous processing of the available modalities, provides greater flexibility
in modelling, and allows adaptive channel weighting between different modalities based
on environmental conditions [27]. Our strategy uses a weighted sum to estimate the
stress value with a temporal approach.

stresst =
t−1

∑
i=1

[
c(i)wc + b(i)wb + p(i)wp + ph(i)wph + phy(i)wphy

]
(1)

In (1) we use the first characters of the modality (variable) name to refer the compo-
nent that represents the sum of the normalized values from all the extracted features,
i.e. c referring to context, p referring to performance, and so on. In addition, we sub-
script a variable by a step t to refer to the variable at time t. The w’s, followed with the
letters that represents the variables, denotes the weight of each component. At the be-
ginning, the weights are equally distributed: every variable’s weight is 0.2. Meanwhile,
in the scientific literature the influence of each modality in the estimation of stress is
not specified and has not been adequately explored yet. But this is not an irrelevant fac-
tor, in terms of accuracy of stress recognition systems. The relevance comes from the
strong relationship between the interpretation of an individual’s stress with the person
and situation dependencies issues. To suppress this lack, we propose a novel approach
to calculate the degree of influence by using Artificial Neural Networks (ANN). For
each modality, an ANN (trained with synthetic datasets) is used in order to calculate
the values of the weights. The input data includes all the values of all variables in time
t− 1 and the output must be an estimation of the degree of influence of each variable.
This value must be within the range [0,1] and the sum of all estimations values at time
t must be 1. The resulting values represent the rate variation for each variable used in
the computation of the stress value at t − 1. Indeed, this approach tries to give a dy-
namic performance in the calculation of the weights. Thus, we fulfil the requirement
of respecting the person and case dependencies by suppressing, heuristically, the lack
of ground-truth in this issue. However, optimization and validation are needed. So, we
aren’t closed to other options.
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3.2 A Stress Prediction Module Based in CATS

The Cognitive Activation Theory of Stress (CATS) presents a formal set of definitions
that tries to reduce the group of terms, which may cover the same stress phenomenon.
Therefore, CATS offers meanings formulated in symbolic logic, which is a natural ad-
vantage (from a computational point of view) in an area so subjective as the stress phe-
nomenon. This is cognitive stress theory because CATS assumes that the stress response
depends on acquired expectancies of the outcomes of stimuli and available responses,
which can be regarded as acquired (learned) relations between stimuli, and between
responses and stimuli. It is an activation theory since it is based on neurophysiological
activation and arousal concepts.

According to CATS, the stress response (alarm) depends on the individuals appraisal
(evaluation) of the stress situation. Formally, CATS stipulates that the alarm occurs
when there is a discrepancy (D in Eq. 2) between what is expected or the normal situa-
tion (set value) and what is happening in reality (actual value). The normal situation is
understood as the classification obtained by collecting reference values from the tests
performed by normal persons in a normal (non-pathological) state. Symbolically, it is
the difference (Eq. 2) between the value a variable should have (set value SV ), and the
real value (actual value AV ) of the same variable.

D = (SV −AV); (2)

In our approach the predicted value at time t + 1 is the discrepancy (D) value between
the stress actual value (AV ) obtained at time t and the CATS set value (SV ) at t + 1,
during the events (e.g. send a proposal, receive a proposal, reject, accept, etc.) sequence
on the resolution conflict lifecycle. The actual value of stress (AV ) is calculated by
the stress detection module (see Sect. 3.1) and the set value (SV ) by Eq. 5. The level
of alarm depends on expectancy (Eq. 3) of the outcome of stimuli and the specific
responses available for coping. When the subject has learned (stored) that one stimulus
(S1) predicts the occurrence of another stimulus (S2) this is referred to as stimulus
expectancy. The stimulus expectancy (3) is expressed as S1ES2 and is equivalent to the
stimulus expectancy S1− S2, which means that S1 implies S2.

S1ES2 = (S1→ S2); (3)

H(S1ES2) = SLS1 +S1 CTS2 +S1 PPS2. (4)

In our approach expectancies are quantified by several dimensions: acquisition strength,
saliency of the event, and perceived probability. The acquisition strength of an
expectancy (H) expresses that expectancies are acquired, according to the general prin-
ciples of learning theory. This is calculated through the saliency of the event (SL),
the contiguity of the event presentations (CT ) and how often the events are occur-
ring together (perceived probability PP). Primarily, the salience (SL) of an event can
be achieved through an attention analysis, i.e., gathering the level of attention/interest
when a party is experiencing the event. We can get this by using some elicited visual
features like the gaze direction, the degree of eye open, and the size of pupil relative to
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luminance to classify the attention/interest level that arises from the event. The conti-
guity of the events represents the distance (temporal or spatially) between two events.
Through a machine learning technique, and using a dataset extracted of our ODR pro-
totype, we are able to distinguish between a contiguous and non-contiguous event. The
perceived probability expresses the probability of the expected event, as it is perceived
by the individual. This is a subjective evaluation of the probability that we interpret as
the probability of how often the events are occurring together. This is obtained by the
conditional probability of two events occur successively in the same probability space.
Finally, the H value is normalized by a max-min normalization technique (Eq. 5).

SV = Hnorm(S1ES2) =
(SLS1 +S1 CTS2 +S1 PPS2)−Hmin

Hmax−Hmin
; (5)

The discrepancy (D) can take three distinct values, a positive ((SV −AV ) > 0), neutral
((SV−AV ) = 0), and negative ((SV−AV )< 0), that are mapped into the following clas-
sification: increase, maintain, and decrease, respectively. So, the predictive module of
the stress recognition process returns a stress outlook (decrease, maintain, or increase)
for the next step of the conflict resolution process. However, our approach should be
further developed in order to explore all the formalisms available in CATS.

4 Stress-Aware Conflict Resolution

The stress recognition model described previously is being used in the context of ODR.
In fact, current research on this field mainly focuses on tools that can facilitate the com-
pilation and exchange of information. This leaves aside very important information.
Namely, information about the stress levels or the emotional state is simply not consid-
ered and is difficult to be transmitted over the telecommunication means currently used
(e.g. chat rooms, e-mail). This not only makes it more difficult for parties to share their
ideas but also to perceive feedback from our counterparts [17], making communica-
tion less effective. Moreover, when parties lack this information, they tend to disregard
the fears and desires of each other (as they dont actually see “the person behind the
screen”), being more prone to hurt or offend, thus making conflict resolution harder.
In that sense, providing feedback about the state of each other is essential in order for
parties to maintain a sense of reality and mutual respect. Based on this, we are applying
this stress recognition model in our conflict resolution platform. The group of sensors
and associated features currently being used includes:

• Touch intensity - higher levels of touch intensity are associated with increased lev-
els of stress;

• Touch accuracy - this is a measure of the amount of touches in active controls versus
touches in active areas. When people are nervous or stressed, the accuracy tends to
decrease (one of the manifestations of stress are tremors);

• Accelerometer - when people are under stress, they tend to show more abrupt and
sudden movements. This can be detected by accelerometers;

• Image processing - the amount of movement of a user can also be analyzed through
image processing, allowing to estimate the level of agitation, thus stress;
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Fig. 4. Prototype of the interface of the Stress Monitor

• Touch patterns - calm touch patterns are generally different from stressed ones.
Although touch patterns vary from an individual to another, they are affected by
stress in in similar ways. This allows classifying touches as calm or stressed.

In order to have access to this information, we are using portable devices that are
equipped with touch screens and sensors and act as interfaces for the conflict resolu-
tion platform. Moreover, video cameras placed in front of and around the user allow
obtaining additional information. Evidently, not all these sensors may be available at
the same time (e.g. some portable devices have capacitive screens, which dont support
pressure measurement). In that sense, the afore mentioned techniques are used to select,
in each moment, the best set of sensors to use and the weight of each one.

Figure 4 shows the interface of the stress monitor. In this case, only the accelerometer
and the touch screen were available. This allows compiling several types of information.
Considering the accelerometer, it produces three visualizations of the data: (1) the raw
data of the acceleration; (2) the acceleration without the data corresponding to touches
and (3) the acceleration during touches. The first one allows seeing all the acceleration
information (three axes and absolute value). The second one allows seeing this infor-
mation without the acceleration due to touches. In fact, variations in acceleration are
expected during touches, which will influence the determination of the levels of stress.
In that sense, this visualization is more accurate. Finally, it is also possible to examine
these variations of acceleration: higher variations in the acceleration during touches are
related to increased levels of stress. The interface also shows the touch pattern for the
last touch and the corresponding quadratic curve, that allows to compare it with already
classified curves and classify the touch as stressed or calm. There is also a screen that
shows the evolution of the score. This score is computed based on the performance of
the user in doing a given task. In this case, the tasks consist of relatively simple mental
calculations. Some stressors are considered to induce stress in the user, specifically the
vibration of the device, annoying sounds and a decreasing time to perform the task. All
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of this influences the performance of the user in completing the tasks, which is reflected
on the score, and thus, on the level of stress. The quality of the estimation of the level
of stress depends on the amount and quality of the information available at each time.

5 Conclusions

In this work we focused on how to estimate the stress state evolution from the users.
This information can then be used by either the platform or even a mediator that is
conducting process, to perceive how each issue or event is affecting each party. This,
we believe, will increase the rate of success of conflict resolution procedures and bring
them closer to the rich communicative environment that we have, when we communi-
cate face-to-face. In future work we intend to incorporate additional components to the
context and behavioural characterization, so that we can have a more accurate approach.
Moreover, in a later phase, we intend to work with the School of Medical Sciences, to
use, for instance, electroencephalograms. This will be useful not only for validating this
approach but also to more accurately calibrate it.
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Abstract. The assessment of failure force in bolted lap joints is a criti-
cal parameter in the design of steel structures. This kind of bolted joint
shows a highly nonlinear behaviour so traditional analytical models are
not very reliable. By contrast, other classical technique like finite ele-
ment analysis provides a powerful tool to solve nonlinearities but usually
with a high computational cost. In this article, we propose a data-driven
approach based on multilayer-perceptron network ensemble model for
failure force prediction, using a data set generated via finite element
simulations of different bolted lap joints. Numeric ensemble methods
combine multiple predictors to obtain a single output through average.
Moreover, a procedure based on genetic algorithms is used to optimize
the ensemble parameters. Results show greater generalization capacity
than single prediction model. The resulting ensemble includes the ad-
vantages of finite element method whereas reduces the complexity and
requires less computation.

Keywords: Genetic Algorithms, Multilayer-perceptron Network,
Ensemble Model, Finite Element Method, Bolted Connection, Lap Joint.

1 Introduction

Currently, there are growing trends to use soft computing (SC) for many indus-
trial and building applications [5]. One important reason behind the growing
acceptance of SC is its guiding principle: exploit the tolerance for imprecision,
uncertainty, partial truth, and approximation to achieve tractability, robustness
and low solution cost [18]. Other advantage is the existence of combinations of
individual SC methods such as genetic algorithms (GA) for obtaining higher
quality models, optimizing learning processes, solving competitively real-world
problems, etc [6]. We apply a combination of SC techniques in order to avoid
the high computational cost of a widely known hard computing (HC) technique,
finite element method (FEM) [1].

In steel construction many studies have been carried out during the last
decades to investigate the behaviour of bolted connections because they are
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Fig. 1. Transposed hard computing and soft computing structure

critical elements in structures. These works are mainly divided into analyti-
cal models [17], experimental tests [4], and numerical implementations like the
FEM [15]. The first ones are based on the classical theory of steel structures
and they do not take into account nonlinear effects such as material plasticity,
stress concentrations or contacts between plates and bolts [19]. On the other
hand, experimental tests provide realistic results but they are limited to the test
program features so it is not possible to get a generalized model. Finally, a solu-
tion to the analytical model is to use a HC technique like FEM which is capable
to reproduce the connection behaviour accurately because it can solve complex
elasticity and structural analysis problems [16].

However, in spite of the advances in computational field, attempts to achieve
more realistic simulations have resulted as high computational times, making
these models uncompetitive compared to analytical models. This greater com-
puter time consumption is mainly caused by nonlinearities inherent in the physics
of bolted connections [9]. We apply these techniques to get a very reduced com-
putational cost than FEM in exchange for slightly lower accuracy. Moreover, we
avoid the difficulties with the correct setting of some aspects of the finite element
(FE) model strain conditions.

By following the fusion SC and HC categories of Ovaska et al. [18], the research
presented here belongs to hybrid transposed of SC and HC approach with very
low fusion grade (Fig. 1). The mathematical mapping is as follows:

ŷ (k) = fSC (θSC ; x (k) , y (k)) = fSC (θSC ; x (k) , fHC (θHC ; x (k))) (1)

where k is the discrete sample index, x and y represent input and output vec-
tors, fSC (·; ·) and fHC (·; ·) are arbitrary SC and HC algorithms, respectively,
and finally θSC and θHC the corresponding system parameters such as the co-
efficients. In particular, this work implements fHC (·; ·) as a numerical method
to solve sets of partial differential equations for a nonlinear elastic solids and
fSC (·; ·) is the multilayer-preceptron networks ensemble (MLPE) model. The
parameters θSC define the structures of the three-layer multilayer-preceptron
(MLP) networks and the ensemble model: value of the learning rate, momentum
ratio for neurons, number of neurons in the hidden layer, the activation function
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for the hidden neurons, and even the criterion used to measure the proximity
of the prediction to the target. It is interesting to note that the relatively high
number of coefficients combination makes difficult to set the optimal ensemble
model and many efforts to increase the accuracy generate overfitting after the
training procedure. Therefore, an optimization strategy has to be applied to
find the best combination. The present work utilizes the GA, an algorithm for
a wide array of optimization problems within economics, engineering, ecology,
social networks, and machine learning. This is an evolutionary strategy where
individuals encode the parameters θSC that define the optimal prediction model.

In summary, this article considers the combination of an ensemble formed by
MLP with GA. This model is applied for the prediction of the failure force in
steel bolted connections. The remainder of this paper is scheduled as following.
In section 2, the statement of the problem is presented. The modelling strategy
combining GA and MLPE is drawn in section 3. Section 4 describes the case
study of the GA-MLPE modelling to predict the failure force in steel bolted
connections, where a briefly explanation about the FE model and the parametric
study is shown. Finally, conclusions and future work are outlined in Section 5.

2 Problem Statement

In order to apply the methodology based on fusing GA and MLPE, the bolted
lap joint problem has been chosen. Bolted connections are critical elements in
steel structures and an easy procedure is necessary to improve the existing an-
alytical models and to reduce the time consumed in the numerical models. The
main objective in this article is to generate a substitute model of FE, based on
ensemble techniques.

The configuration of bolted lap joint is according to the Fig. 2. The connection
is composed of two inner plates, two outer plates, and two preloaded bolts. When
the inner plates are subjected to a tension load, they are prevented from sliding
by the bolts until the value of frictional force is exceeded. At this moment, a
displacement of the inner plate is against the shank of the bolt; tensile force

e1

e2

F
d_hole

Inner PlateBolted Lap Joint

Bolt

Inner Plate

Outer Plate

Fig. 2. Bolted Lap Joint. Geometrical parameters.
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continues to build on the connection until there is a second displacement of the
bolt against the outer plates; from there on, no further displacement is possible
and the inner plate begins to be crushed against the bolt until failure occurs.
The failures modes of bolted lap joint are following:

– Bearing failure: it is considered to constitute failure by the excessive defor-
mation of material behind the bolt, regardless of whether the connection has
reserve strength.

– Net-section failure: a critical fracture in connections with relatively narrow
plate widths.

– Tear-out failure: it is associated with connections which have a relatively
small end distance and pitch, while having a comparatively large edge dis-
tance and gauge to avoid net section failure mode.

– Shear bolt failure: a brittle fracture occurs in the bolts when the shear load
exceeds its capacity.

The complexity of calculating a bolted lap joint lies in the nonlinearities associ-
ated with the structural behaviour of the connection as well as the different fail-
ure modes depending on the geometrical parameters. Consequently, we suggest
there is a neccesity of creating prediction models from a set of FE simulations
to provide the failure force.

3 Non-linear Modelling Using Soft Computing
Techniques

3.1 Multilayer-Perceptron Neural Network

Artificial neural networks (ANN) are the best-known biologically information
processing devices that are modelled as neuron with its inputs (dentrites) and
outputs (axons). Once correctly trained, ANN can solve complex and challenged
problems. The generalization capacity to tackle different cases with similar char-
acteristics is its strong point [14].

MLP is an artificial feed-forward neural network model where information
moves forward from the input nodes, through all hidden nodes, to the output
nodes without loops [2]. MLP has theoretically the ability to solve any high
dimensional classification problem and MLP is even able to model practically
any continuous complex function. Mathematically, we can express the neural
network output as follows:

ŷ (k) = α0 +
n∑

i=1

αi · φi

⎛⎝ l∑
j=1

wij · xj (k) + wi0

⎞⎠ (2)

where xj (k) = [x1 (k) , x2 (k) , . . . , xl (k)]T is the input vector at instant k with
length l, αi and wji are the weighting coefficients of the network (α0 and wi0

are the output and input layer bias respectively, φi is the nonlinear activate
function, n is the number of hidden neurons, and ŷ (k) represents the estimation
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of the output y. In regression analysis with a single y value, there is a single
neuron in the output layer.

The goal of the training process, where error back-propagation (BP) algorithm
is usually applied, is to find the values of the weights αi and wji that will cause
the MLP output to be equal to the target values as closely as possible. Finally,
it is also widely known only one hidden layer is required to approximate any
continuous function if the number of connection weights is enough [13].

3.2 Multilayer-Perceptron Network Ensemble Model

The multilayer-perceptron network ensemble (MLPE) model is the subject of
this research. The model has been developed by Hansen and Salamon [12] and
used in several applications [11]. The method fits perfectly to achieve superior
predictions than a single neural network. The main reason of why an ensemble
model should perform better is to consider the performance of a single expert
versus that from a group of multiple experts [20]. In addition, the model solves
the over-fitting and under-fitting in the nonlinear modelling when only a limited
amount of training data is available. Combining networks by ensemble modelling
do not have such a sound theoretical basis but we get good generalization ability
avoiding fitting problems, and it is an alternative to the classical approaches
such as jittering, early stopping, weight decay, or bayesian learning.

Table 1. Bagging as an ISLE-based algorithm

F0 (x) = 0
For m = 1 to M {

pm = arg min
P

∑
iεSm(η) L (yi, Fm−1 (xi) + T (xi; p))

Tm (x) = T (x; pm)
Fm (x) = Fm−1 (x) + υ · Tm (x)

}
write {Tm (x)}M

1

In this work, we use one of the earliest ensemble models. Bagging, short for
Bootstrap Aggregation [3], generate firstly the individuals by bootstrap repli-
cates in order to create the training data for each individual model in the en-
semble. Each bootstrap replicate is obtained by sampling randomly from the
training dataset with replacement. Finally, if we are using MLP networks to
build the ensemble, we firstly determine all single networks and then, their out-
puts are combined by average or another weighted combination (regression).
The reason the MLPE gives significant gains in accuracy from a single MLP
is because bagging increases the differences between single models reducing the
generalization error (regression).

Breiman´s bagging was formalized by Friedman and Popescu (2003) [10] as an
algorithm with the Importance Sampling Learning Ensembles (ISLE) approach
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as ahows Table 1. The variable υ is equal so there is no memory, Tm (x) are the
base learners (MLP model), Fm−1 (xi) represents the ensemble of base learners
up to step m − 1, N is the size of the samples, η = N

2 means that each model
is trained using half-size samples without replacement, and the loss function is
L (y, ŷ) = (y − ŷ)2.

3.3 MLPE Model Optimization Using GA

The determination of the MLPE structure and its setting is considered an open
issue in machine learning modelling. Expert knowledge and trial-error are the
common practices to obtain a good model, but in most of the cases these pro-
cedures need a tedious repetitive modelling phase. Additionally, this approach
does not guarantee that the model performance is the optimal. A second method
is based on testing each possibility sequentially in order to determine if it is the
solution. This is widely known as direct search (DS), exhaustive search or even
brute force method. In terms of computational cost, DS increases exponentially,
and becomes impractical for most of the optimization cases.

In this article, we choose an advanced computational SC technique such as
GA to solve this problem. There are three possible ways for combining GA
and MLPE: GA-based tuning of connecting weights and bias values, GA-based
tuning of topologies, and GA-based preprocessing of data with interpretation of
the outputs. For building the prediction model for the capacity of bolted lap joint,
we generate a semi-fixed architecture where only the number of neurons in the
hidden layer changes. Based on simple rules and few parameters dictating the GA
operations, the GA explores solution space and efficiently finds the best one. In
particular, the optimal MLPE model will be obtained through the minimization
of the fitness function based on the root mean-squared error (RMSE) of the
predictions:

J =

√√√√ 1
N

N∑
k=1

(yFEM (k) − ŷ (k))2 (3)

The working principle of the chosen GA-based approach is described as fol-
lows:

1. Selection of the parameters to optimize.
2. Generation of an initial population of solutions in a random way over its

search space. The population size depends on the complexity of the problem.
3. The objective function (fitness values) and constraints of each solution in

the population are evaluated:

Jmin = argmin

√√√√ 1
N

N∑
k=1

(yFEM (k) − ŷ (x (k) , {αi, wij ; i, j ≤ n, l}))2 (4)

4. The parents of the next population are selected by an operator named repro-
duction where the ones from the population are chosen depending on their
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fitness values. Other genetic operators like crossover or mutation are applied
in order to create the rest of solutions for the next population.

5. After we create another whole generation and if the optimum value has not
been reached yet, steps 2 − 4 are repeated until the desired accuracy in the
solution or a maximum number of generations is achieved.

4 Case Study: Bolted Lap Joint

In this section, the MLPE with GA combination is applied to predict the failure
force in bolted lap joints through empirical experiments.

4.1 Development of the FE Model

An advanced 3D FE model is developed in order to simulate the bolted lap joint
behaviour. This numerical model represents the HC technique used and has been
created using ABAQUS v.6.11, a general purpose FE software.
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Fig. 3. Von Mises Stress (MPa) and plastic equivalent strain distributions (%)
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Table 2. Material properties of the elements (plates and bolts)

Element Steel Grade Minimum Yield Tensile Minimum
Strength (MPa) Strength (MPa) Elongation (%)

Plates S235 JR 235 360 26
Bolts 8.8 640 800 12

Step 1. Material Behaviour of the FE model. The model takes into account
the nonlinear material behaviour and the steel in the plates and the bolts is mod-
elled as a bilinear approximation (elastic-plastic with strain hardening). Stress
and strain levels are shown in Table 2, according to standard EN 10025-2:2004
[7] for S235 JR steel and to Eurocode 3 [8] for grade 8.8 preloaded bolts.

Step 2. Boundary Conditions of the FE model. The boundary conditions
for the model are established taking into consideration its three-way symmetry
with regard to the X, Y and Z axis planes. Therefore, only one eighth of the
model is simulated and important savings in computational time are made. The
simulation of contacts between plates and bolts is carried out by the General
Contact algorithm provided by ABAQUS. This algorithm automatically estab-
lishes the interactions between the contact surfaces being suitable to simulate
highly non-linear processes. The normal behaviour of the bolt shank with regard
to the bolt hole is modelled by the hard contact property. When the surfaces
are in contact, any pressure between them can be transmitted, with the surfaces
separating if the pressure drops to zero. Tangential behaviour is modelled by
Coulomb’s basic friction model, in which two surfaces in contact can withstand
shearing stresses of a certain magnitude at their interface before one starts to
slide over the other. Finally, the preload of the bolt is simulated by a cooling in
the bolt shank, so that the decrease in shank length is equivalent to that caused
by preload.

Step 3. Finite Element Analysis of the Joint. Explicit analysis method
is used because it is suitable for nonlinearities, such as contacts or geometrical
discontinuities and it shows a good convergence. Figure 3 shows the results
about Von Mises stress and plastic equivalent strain in a bolted lap joint FE
model. The failure mode of the joint to the configuration shown in the Fig. 2, is
produced by bearing of the inner plate against the bolt shank. In this case, the
maximum stress (360 MPa) and the maximum strain (26 %) of the S235 JR steel
are achieved in the area around the bolt hole. Finally, the value of the maximum
strength supported by the joint is 22918 N.

4.2 Parametric Study

A parametric study is carried out in order to study the influence of several
geometrical and mechanical parameters affecting the overall behaviour of the
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Table 3. Statistics of input parameters in the dataset

Attributes Description [units] Range Mean Sd.

d_bolt Bolt diameter [mm] 6 − 12 8.656 1.700
e1 End distance [mm] (Fig. 2) 8 − 25 17.59 4.339
e2 Edge distance [mm] (Fig. 2) 8 − 35 22.61 7.136
t_inner Inner plate thickness [mm] 2 − 12 7.003 2.849
t_outer Outer plate thickness [mm] 1 − 6 3.487 1.436
friction Friction coefficient between elements 0.1 − 0.5 0.300 0.114
preload Clamping force in the bolts [kN] 1 − 30 17.88 9.686

connection. This study is generated combining seven input parameters (Table
3) by random latin hypercube. Table 3 summarizes the main properties of the
general dataset. It shows, for each attribute or input parameter, the description,
the range of its values, the mean, and the standard deviation. Finally, we check
the existence of data-fractures or even noise.

For each combination of the input parameters a FE simulation is carried out
in order to obtain the failure force of the joint. Owing to the heavy computation
involved in each FE simulation, the dataset created to develop the ensemble
model is only composed of 1155 instances. The correlation coefficients between
the attributes were less than 0.62 and the scatterplot showed plenty of cases that
did not fall on the line. Only if we observe p_max and f_max we state that
there is a strong relation between these two attributes.

4.3 Experiments and Results

In this work, the data used for modelling are from the previous FE simulations.
We carried out, first, a data normalization into a range of [0, 1] instead of a
statistical standarization. In our opinion, the normalization will work well be-
cause the data are positive or zero. Then, the normalized dataset was divided in
three subsets where the ratios were adjusted to cover the main characteristics of
the overall data. That is, the dataset was split into training (60 %), validation
(25 %), and testing (15 %) dataset.

The generation of the models was developed on a Linux operating system
SUSE 10.3 OS running in a Quad-Core Opteron server. The statistical analysis
package R (http://www.r-project.org) and the Weka suite
(http://www.cs.waikato.ac.nz/ml/weka), a collection of machine learning al-
gorithms for data mining tasks, are the tools used to processing data and training
the models. In order to prove the proposed method is the best one, we compared
it with other bagging techniques applied to: linear regression, M5P/model trees,
and support vector machines (SVM). Some initial trials have been conducted
for adjusting the main setting parameters of these algorithms, but in these three
cases the best configuration is found by using direct search (DS).

Table 4 summarizes the errors predicting failure force in bolted lap joints
corresponding to the mean and the standard deviation (sd) of the best ten (10)

http://www.r-project.org
http://www.cs.waikato.ac.nz/ml/weka
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Table 4. Computational cost, and training, validation and checking errors

Algorithm RMSEmean
tr RMSEsd

tr RMSEmean
V RMSEsd

V RMSET t(hours)

Bagg-LR 0.051 0.003 0.053 0.004 0.102 38
Bagg-M5P 0.047 0.001 0.049 0.002 0.059 42
Bagg-SVM 0.037 0.002 0.041 0.003 0.052 96
GA-MLPE 0.021 0.005 0.026 0.004 0.027 47

models. Hold-out method is used as the validation method for determining how
accurately a learning algorithm will be able to predict data. For each algorithm,
we obtain training, validation, and testing root mean squared errors (RMSE),
and total computational time of the modelling phase. The training data are
directly used to the modelling, and the validation data estimate how accurately
a predictive model will perform in practice. In case of GA-MLPE, we prevented
model overfitting using the validation data to stop the training process. Finally,
testing data, that are hidden during the whole modelling procedure, are used to
check the generalization capacity of the model. The GA optimization procedure
was carried out with a maximum number of generations of 100 and a population
size of 30 individuals represented in a vector of real values. The genetic operators
applied to create the next population are binary tournament for selecting the
best of two individuals chosen randomly: a uniform crossover that generates
a random value between 0 and 1 for each gene, and a non uniform mutation
operator with a probability of 0.15.

In Table 4, it can be seen, as a consequence of low RMSE, that results show
high correlation between FEM simulation and four ensembled models. The best
algorithm will be the one with the less MSET , i.e. the best generalization ability.
GA-MLPE with a RMSEmean

t value of 2.1 %, RMSEmean
V value of 2.6 %, and

finally RMSET value of 2.7 % represents the best model of the four (4) obtained.
We also observe in Table 4 that the computational complexity is excessively high
for a DS instead of a evolutionary strategy. This comparison is important since
these models are also capable of eficiently solving joints in steel construction
software. If the MLPE model would not possess an important advantage over
the others then it has no sense the developing of the model. Finally, if the models
of the Table 4 are compared with single models like MLP or SVM, we will observe
that the bagging techniques improve the accuracy of the results in all of them
because reducing the bias of the prediction but not the variance.

In conclusion, DS is working accurately but with a excesive computational
cost unlike optimization with GA. DS is highly susceptible to finding the global
minimum if the search limits are correctly chosen. On the other hand, it has no
ability to stop the process after it finds the global minimum.

5 Conclusions and Future Work
In this work, a combination of nonlinear FE model and MLPE has been applied
to study the performance of failure force prediction in steel bolted connections.
The regression model has gone through an evolutionary optimization procedure,
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using a dataset of 1155 instances which cover a practical range of steel plates
and bolts. The difference between the predicted values from the MLPE and
those obtained from the FE analysis are within the range of 2 % and 3 %. In our
opinion, the main advantage of the MLPE model compared to the FE model is
the integration in structure software due to its its high speed in computation.
The evolutionary strategy used in this work would be extended to predict the
failure force in bolted connections made of other materials like low-carbon steel,
carbon fiber, plywood, etc. This will require further data generation for new
materials using FEM.
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Abstract. Some of the most complex problems, nowadays, are transportation 
problems.  A capacitated fixed-charge transportation problem is the problem we 
are trying to solve using hybrid classical approaches. The problem is considered 
with fixed capacities for each distribution centers and customers have particular 
demands.  The model, as an economical model, minimizes the total cost as 
some distribution centers are selected in order to supply demands of all the 
customers. 

In order to find feasible solution for the mentioned problem, we are using 
some variants of Nearest Neighbor search algorithm. The problem as a whole is 
a two stages supply chain network: first we have to choose the distribution 
centers and next the customers based on their demand. The new approach is that 
we are starting from given customers’ demands and select the best distribution 
centers. Some hybrid variants of Nearest Neighbor based on different 
probabilities are investigated and tested on large sizes data. Based on the 
numerical results we found a suitable hybrid version for the specified 
transportation problem. 

Keywords: Hybrid algorithms, Nearest Neighbor, Transportation Problem.  

1 Introduction 

Transportation problems are combinatorial optimization problems. Researchers use 
different heuristics [4,16,18] approximation [12] or hybrid techniques [17] in order to 
solve this type of complex problems. Modeling transportation problems is difficult. 
The algorithms should take into account the large number of constraints, high 
dimensions, several uncertainties, a large number of parameters and many local 
optimal solutions. 

A transportation problem is basically a network problem [1].  As we know from 
[2], in a transportation problem the transportation cost is directly proportional to the 
number of units transported. Some distribution and transportation problems can be 
described as fixed cost transportation problems [3, 4]. 

A particular fixed-charge transportation problem is described in this paper. The 
problem involves two supply chains. The first supply chain is starting from a 
manufacturer who delivers items to certain distribution centers. The second chain is 
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from the distribution centers to a list of given customers, with their own demands. 
The objective function is to minimize the whole transportation cost, from 
manufacturer to customers, based on several intermediary costs and other parameters. 
The objective function takes into account some fixed costs and some transportation 
costs. A mathematical model of the problem is detailed and the parameters and the 
constraints are clearly illustrated. 

The use of conventional, linear algorithms for solving this mathematical 
programming model of the fixed-charged transportation problem is limited due to the 
complexity of the problem and the large number of variables and constraints. 
Hybrid models based on Nearest Neighbor are used further due to the complexity of 
the objective function. 

The paper is organized as follows. In the second section is described the fixed-
charged transportation problem and the mathematical model. Section 3 describes the 
proposed models and his hybrid variants and Section 4 provides experimental 
comparative results. In the last section some conclusions and further research are 
provided. 

2 The Fixed-Charge Transportation Problem 

The present paper consider two stages of a supply chain network: distribution centers, 
denoted DCs, and customers. In Figure 1 is a model of a supply chain network.   
 

 

Fig. 1. A two stage supply chain network 

2.1 Description of the Fixed Transportation Problem 

As we can see from Figure 1, there are potential distribution centers (DCs) which are 
candidate for the manufacturer. Also, there are several customers whose particular 
demands should be satisfied by distribution centers. In [14] is supplied also an 
elementary example of the problem. 
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The manufacturer is assumed with no capacity limitation in production.  As in [14] 
we assume that each potential distribution center has distinct and different capacity in 
order to support the customers. It is considered a transportation cost from the 
manufacturer to a distribution center and an opening cost for each potential 
distribution center.  

The problem should find the total cost selecting potential places as distribution 
centers which supply demands of all the customers.  

The total cost considers the following: fixed costs and transportation costs. 
Fixed costs are considered: the opening cost for potential distribution centers and 

fixed cost for transportation from distribution centers to customers. 
There are also two types of transportation cost: from manufacturer to each 

distribution center and transportation cost from all possible distribution centers to the 
customers. 

2.2 Mathematical Model of the Fixed Transportation Problem 

In the mathematical model are considered m potential distribution centers and a 
number of n customers, each one with a particular demand.  
First, let see who the fixed costs are. 

• The opening cost for a potential distribution center i, is denoted fi. 
• The fixed cost for transportation from distribution center i, to the 

customer j, is denoted fij. 
The transportation cost per unit is following. 

• The transportation cost from manufacturer to a potential distribution 
center i, is denoted ci. 

• Each potential distribution center i, can transport demands to a customer 
j, one of the n customers, at a transportation cost per unit cij. 

The problem considers two stages of a supply chain network. That is why two main 
objectives have to be considered in order to minimize the total cost. 

• First objective is to find which candidate places are to be opened as 
distribution centers. 

• Second objective is to find which customers are served from opened 
distributers. 

Other notations of the mathematical model of the problem are following. 
• The known quantity to be transported on the route (i, j) from distribution 

center i to customer j  is xij 
• The capacity of a distribution center i is denoted ai. 
• The number of units demanded at customer j is bj 

The mathematical model of the objective problem is to minimize the 
following function Z:  

fctc ZZZ +=  (1)

where Z tc is the total cost of transportation and Zfc is the total of the fixed costs. 
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Ztc , the total cost of transportation, includes the transportation cost from 
manufacturer to distribution centers and from distribution centers to customers. 
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Zfc, the total of the fixed costs, includes the opening costs of distribution centers 
and the fixed costs from distribution centers to customers. 
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3 Proposed Hybrid Models Based on Nearest Neighbor  

First, we introduce the nearest neighbor searching technique, as in [12]. 
Let S be a given set of n data points in a metric space X. The problem is to process 

these points so that given any query point q ∈ X, the data point nearest to q can be 
found quickly. 
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The Nearest neighbor searching problem was also called the closest-point problem 
and the post office problem [13]. Nearest neighbor searching was used in a large 
number of applications as knowledge discovery and data mining [5], machine 
learning [7], multimedia databases [9], classification [6], data compression [8], 
statistics [11] and document retrieval [10].  

The easiest technique in order to solve the nearest neighbor searching problem is to 
compute the distance from the query point to all points from the given search domain, 
keeping track of the “best so far” point. 

In order to find a good solution for the fixed-charge transportation problem, we use 
a nearest neighbor search algorithm.  

The common steps of Nearest Neighbor algorithm, used also for the traveling 
salesman problem are following [15]. 

 
1. Stand on an arbitrary vertex as current vertex 
2. Find out the lightest edge connecting current vertex 

and an unvisited vertex V 
3. Set current vertex to V 
4. Mark V as visited 
5. If all the vertices in domain are visited then 

terminate, else go to step 2   
 

For the fixed-charged transportation problem, with two stages of a supply chain 
network, we have two possibilities to apply Nearest Neighbor algorithm. First, when 
we are choosing the potential distribution center and second when is choosing the best 
edge from the distribution center to customers. 

There are introduced to variants of algorithms. At first, nearest neighbor is used in 
both supply chains and the second variant is a hybrid model. 

3.1 The Nearest Neighbor Transportation Model 

a) The first supply chain is between the manufacturer and distribution centers. 
 

The Nearest Neighbor (NN) procedure for choosing the distribution center follows. 
 
1. The manufacturer take the demand 
2. All distribution centers are marked unvisited 
3. The manufacturer choose an unvisited distribution 

center with the smallest capacity  
4. If the demand is greater than this capacity, mark 

visited the current distribution center; modify 
demanding subtracting the DCs capacity and go to 
step 3 

5. If the demand is smaller or equal with DCs  
capacity, mark visited the current distribution 
center and terminate procedure  

When procedure ends we will know exactly the list (L) of distribution centers selected 
for the next supply chain. 
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There are used two variants for the first supply chain. 
• DX-randomly chosen the potential distribution centers 
• DY-with the best probability based on the total request and distribution 

centers capacities. We tested several probabilistic variants as: 

request

a
p i

i =  (10)

requestxcont

a
p

i

i
i ⋅

=   (11)

i

i
i a

xcont
p =  (12)

where xconti is the number of nonzero quantities to be transported on the route (i, j) 
from distribution center i to customer j, xij>0. 

b) The second supply chain starts from the customers’ demands and try to reach the 
better edges to distribution centers.  

In the Nearest Neighbor procedure used for choosing the distribution center 
starting from a given customer is as follows. 

 
1. The customer i give the demand 
2. All distribution centers, from the list L, are 

marked unvisited 
3. The customer choose an unvisited distribution 

center with the smallest xij, the quantity to be 
transported on the route (i, j) from distribution 
center i to customer j from list L 

4. If the demand is less than the capacity of chosen 
distribution center, mark visited the current 
distribution center; modify distribution center 
capacity  subtracting the demand and go to step 3 

5. If the demand is greater than this capacity, mark 
visited the current distribution center and go to 
step 3 

6. If the demand is less or equal to this capacity, 
mark visited the current distribution center and 
terminate procedure 

3.2 Hybrid Transportation Models  

For hybrid transportation models are considered several variants. 
In order to choose a distribution center, in the hybrid H-NN variants, the first 

supply chain is using DX or DY, as in  Section 3.1. 
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For the second supply chain is considered Nearest Neighbor technique for 
choosing the best way from de distribution centers to customers. 

The computational experiments performed further were guided the objective to 
determine the most promising hybrid based Nearest Neighbor model. 

4 Computational Experiments 

In order to achieve the fixed-charged problem’ objectives, was implemented a java 
program. The computer used for testing data was an AMD 2600, 1.15 GHz and 
1024MB RAM. The program was compiled under Linux. The randomly generated 
instances, as in [14], are illustrated in Table 1.  

Table 1. Generating data table with problems characteristics 

Problem  

Size 
Total supply Total demand Variable costs Fixed costs Opening costs 

10 x 10 30.000 10.000 [3,8] [50,200] [150,600] 

      

10  x  30  45,000 15,000 [3,8] [400,1600] [1200,4800] 

      

30 x 100 90,000  30,000 [3,8] [400,1600] [1200,4800] 

      

 
 
For each instance, all algorithms were executed for a maximum amount of time. 

The time is in milliseconds and is relevant just in comparison with the models run on 
the already mentioned computer. The stopping criterions are following: for dimension 
10 x 10 is 15 ms, 150 ms for size 10 x 30 and 500 ms for 30 x 100. 

 The comparative results are shown in Figure 2 for data sets 10 x10, Figure 3 for 10 
x 30 data sets and for Figure 4 for 30 x 100 data sets. There are considered for each 
problem three different data sets (Series 1-3). 

The notations are: 
 
• NN - Nearest Neighbor for both supply chains choosing depots and the 

customer starting with the one with the minimum capacity. 
• HNN - Nearest Neighbor for both supply chains choosing depots and the 

following variants: 
o DX and DY - random choosing the distribution center and choosing 

with a best probability (10) / (11) / (12) (Section 3.1) the distribution 
center in the first supply chain 
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Fig. 2. Gap values for hybrid Nearest Neighbor variants on 10 x 10 data sets 

 

 

Fig. 3. Gap values for hybrid Nearest Neighbor variants on 10 x 30 data sets 

 
As we see from Figures 2-4, based on gap’s values, HNN-DY(11) and HNN-DY 

(12) are suitable for this type of transportation problem. The results of an unpaired t-
test for HNN-DY(11) and HNN-DY(12) is t=0.214 and standard 
deviation=0.300E+05. The probability of the result, assuming the null hypothesis is 
0.83. The difference is considered to be not statistically significant.   

A conclusion is that for large data is beneficial to use the hybrid variant HHN-
DY(12) and for smaller data HHN-DY(11). Another significant conclusion is the real 
importance of the factor xconti, the number of nonzero quantities transported on the 
route (i, j) from distribution center i to customer j. 
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Fig. 4. Gap values for hybrid Nearest Neighbor variants on 30 x 100 data sets 

5 Conclusions and Future Work 

The paper describes some hybrid techniques for solving the fixed charged 
transportation problem. The problem is a two chain supply network. Classical Nearest 
Neighbor algorithm is used basically to find the best distribution centers when 
sending items from the manufacturer and from distribution centers to all customers. 
The demand for all customers should be satisfied. Different probabilities are used and 
tested on different large scale data in order to find the most suitable for choosing the 
best distribution center.  

More investigations have to be made in order to use larger data, hybridizations and 
other local search procedures as well as a parallel architecture. 
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Abstract. This paper presents the computation of the set of optimal solutions of
a Fuzzy Linear Programming model with constraints that involve uncertainty, by
means of Interval Type-2 Fuzzy sets.

By applying convex optimization algorithms to a linear programming model
with Interval Type-2 fuzzy constraints, an Interval Type-2 fuzzy set of optimal so-
lutions derived from the uncertain constraints of the problem, is obtained. This set
of optimal solutions is defined through four boundaries which determine its be-
havior. Finally, some theoretical considerations are made and explained through
an application example.

Keywords: Interval Type-2 fuzzy sets, Fuzzy optimization, Soft constraints.

1 Introduction and Motivation

Optimization under uncertainty is a recent approach which can be defined in different
ways: Interval-valued, Fuzzy, Possibilistic and Stochastic, among others. A new family
of higher order uncertainty measures are the Type-2 Fuzzy Sets (T2FS) which deal with
linguistic uncertainty and imprecision of fuzzy sets, so its use in optimization problems
is an interesting topic to be addressed.

Fuzzy Linear Programming (FLP) is becoming an important tool for solving Linear
Programming (LP) problems that involves uncertainty. Type-1 fuzzy sets problems can
be solved using the well known method proposed by Zimmermann in [1] and [2], and
Interval Type-2 fuzzy Sets (IT2FS) problems can be solved by one of the extensions
proposed by Figueroa in [3], [4] and [5].

This paper is intended to define the set of optimal solutions of an Interval Type-2
Fuzzy Linear Programming model (IT2FLP) by using classical algorithms. This set is
composed from a set of Interval Type-2 Fuzzy Constraints (IT2FC), which contains all
possible optimums of the problem at different uncertainty degrees.
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The paper is divided into five principal sections. In Section 1, a brief Introduction and
Motivation is presented; Section 2 presents basic definitions of uncertain constraints;
Section 3 describes the behavior of the optimal solutions of an LP problem with Fuzzy
Right Hand Side (RHS) parameters; in Section 4, an application example is provided;
and in Section 5 the concluding remarks of the work are given.

2 Interval Type-2 Fuzzy Constraints

The theory of Type-2 fuzzy sets has been developed by authors as Mendel (See [6], [7],
[8], [9], [10] and [11]), and Melgarejo (See [12] and [13]) where its results are important
tools for designing optimization models. In this way, the following definitions given by
Figueroa are referred.

Definition 21 (IT2FS RHS - Figueroa in [3]). Consider an RHS parameter of an FLP
problem defined as an IT2FS b̃ over the closed interval b̃i ∈ [ bi, bi ], {bi, bi} ∈ R,
i ∈ Nn. The membership function which represents the fuzzy space1 of b̃i is:

b̃i =

∫
bi∈R

[∫
u∈Jbi

1/u

]/
bi, i ∈ Nn, Jbi ⊆ [0, 1] (1)

Now, b̃ is bounded by two Lower and Upper primary membership functions2 called

μ
b̃

with parameters b̌ and b̂ and μ̄b̃ with parameters ¯̌b and ¯̂
b respectively. First two dis-

tance measurements � and ∇ are defined as follows.

Definition 22 (Figueroa in [3]). Consider an IT2FLP problem with restrictions in the

form �3. Then� is defined as the distance between b̌ and b̌,� = b̌− b̌ and∇ is defined

as the distance between b̂ and b̂, ∇ = b̂− b̂.

Henceforth, three cases can be identified in an IT2 RHS environment: Uncertain ∇,
uncertain � and joint uncertain ∇ & �. Uncertain ∇ is a case in which ∇ > 0 with
� = 0, uncertain � is a case in which � > 0 with ∇ = 0, uncertain � is a case in
which � > 0 with � = ∇ and joint uncertain � & ∇ is a case in which � > 0 and
∇ > 0 where � 
= ∇. Its graphical representation is displayed in Figure 14. Note that

the following statement is mandatory: {[b̌i, b̂i] ∩ [b̌i, b̂i]} > 0 ∀ i ∈ Nn.
With these definitions we can define an Uncertain Space of Solutions of a FLP prob-

lem, which is defined through linear fuzzy sets and its solution can be reached through
convex optimization methods.

Figueroa in [5] defined the notion of an Interval Type-2 Fuzy Constraint, as follows.

Definition 23 (Interval Type-2 Fuzzy Constraint). The set conformed by all crisp
possible values of x ∈ Rn which satisfy an Interval Type-2 fuzzy partial order �,� or≈
with an Interval Type-2 membership function b̃i is an Interval Type-2 Fuzzy Constraint.

1 A Fuzzy Space is defined by the interval bi ⊆ b̃.
2 For simplicity effects, only linear fuzzy sets are considered.
3 In the case of 	, a symmetric reasoning can be used to solve the problem.
4 FOU is the acronym for Foot of Uncertainty.
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1

μb̃

b̃b̌ b̌ b̂ b̂

αb

αb

b∗

FOU
�

∇

∇ �= �

Fig. 1. IT2FS RHS with Joint Uncertain � & ∇

2.1 The IT2FLP Model

Given the notion of an IT2 constraint and by using the classical definition of a FLP, an
uncertain constrained FLP model can be defined as follows:

Opt {c(x) + c0}
s.t.

Ax � b̃ (2)

x 	 0

where x ∈ Rn, c(x) = c′x, c0 ∈ R, An×m ∈ Rn×m. Note that b̃ is an IT2FS defined
by two primary membership functions μ

b
and μ̄b.

Two possible partial orders � and � with IT2 fuzzy RHS exist, so the handle of
each one defines the nature of the problem. In this approach, only linear membership
functions are used because the main goal is to get linear models, easily to be optimized
with classical algorithms. See the appendix to see the mathematical form of each partial
order � and �.

3 Computing the Optimality Bounds of an FLP with IT2
Constraints

An IT2FLP model involves an infinite amount of T1FS embedded on the FOU of each
RHS regarding the opinions and perceptions of different analysts of the problem.

The Zimmermman’s T1FS model computes the optimal bounds of the problem to
construct a fuzzy set of optimal solutions that is also defined as a linear fuzzy set
through the Zadeh’s extension principle, so a new fuzzy set z̃ can be obtained through
the computation of bounds of the original problem.
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The fuzzy set of optimal solutions can be obtained by applying the Zadeh’s extension
principle and the computation of the optimal bounds of the problem. This means that z̃
is a function of the optimal values of the problem z∗ = c(x∗) regarding the bounds of
b̃.

In the domain of x, the above is currently the problem of finding a vector of solutions
x ∈ Rn such that:

max
x∈Rn

α

{
m⋂
i=1

{αb̆i,α b̃i, bi}
⋂

z̃

}
(3)

Here,̆ denotes a Type-1 fuzzy set, αb̆i and αb̃i are α-cuts on Type-1 and Type-2 fuzzy
sets, respectively. The membership function of z̃ is defined as

μz̃(z
∗) = sup

z∗=c(x∗)
min
i

{
μb̃i

(x∗) |x∗ ∈ Rn
}

(4)

Now, like μz̃ is a linear function of x∗, z∗ = c(x∗) and b̃i, then we can define its
bounds as function of the bounds of b̃i, as defined in Definition 21. Although Figueroa
in [3], [4] and [5] defined some approximations to an optimal solution for IT2FLP
problems based on primary α-cuts and the results of the Definition 22, our focus is the
computation of μz̃ since it is a key aspect of decision making of LP problems.

Zimmermann defined in [1] and [2] a method for FLP with soft constraints called
himself as a symmetric approach. His method is based on the computation of the optimal
solution of the problem by using the bounds of the Type-1 fuzzy sets b̆i. It is an efficient
approach due to all computations are made using the simplex method with linear fuzzy
sets.

In this way, we can extend this property to the IT2FLP by using the (4), and keeping
in mind that a FLP can be solved by using convex optimization tools, we can compose
z̃ through b̃i(Ax) and z∗ = c(x∗).

Note that b̃i is a fuzzy partial order in the form � or � (See Appendix) with well

defined parameters b̌, ¯̌b, b̂ and ¯̂
b. Mathematically speaking we can compute the bounds

of the global optimization problem by using each one of these parameters. To do so, the
following relations are defined

Theorem 31 (Bounds of z̃). Let (2) be an optimization problem where b̃ is composed

by μ
b̃

with parameters b̌ and b̂, and μ̄b̃ parametrized by ¯̌b and ¯̂
b (See Appendix). Then

the fuzzy set μz̃ is composed by μ
z̃

and μ̄z̃ in the following way.

μ
z̃
(z; ž, ẑ) =

⎧⎪⎪⎨⎪⎪⎩
0, z � ž

z − ž

ẑ − ž
, ž � z � ẑ

1, z 	 ẑ

(5)

μ̄z̃(z; ¯̌z, ¯̂z) =

⎧⎪⎪⎨⎪⎪⎩
0, z � ¯̌z

z − ¯̌z
¯̂z − ¯̌z

, ¯̌z � z � ẑ

1, z 	 ¯̂z

(6)

where ž, ẑ, ¯̌z, and ¯̂z are crisp parameters computed from b̃.
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Proof. Firstly, we can assume from Definition 21 that:

b̂ 	 b̌ (7)
¯̂
b 	 ¯̌b (8)

b̌ � ¯̌b (9)

b̂ � ¯̂
b (10)

Now, replacing b by each of the above parameters in the following crisp LP problem:

max z = c(x) + c0

s.t.

Ax � b (11)

x 	 0

We obtain the following optimal results as functions of z∗:

b̌ → ž (12)

b̂ → ẑ (13)
¯̌b → ¯̌z (14)
¯̂
b → ¯̂z (15)

Then, the computation of each bound of μb̃(Ax) leads to a corresponding bound of
μz̃ , and by mathematical induction is clear that:

ẑ 	 ž (16)
¯̂z 	 ¯̌z (17)

ž � ¯̌z (18)

ẑ � ¯̂z (19)

So we can compose μz̃ by its primary membership functions μ
z̃

and μ̄z̃ in the fol-
lowing way:

μ
z̃
(z; ž, ẑ) =

⎧⎪⎪⎨⎪⎪⎩
0, z � ž

z − ž

ẑ − ž
, ž � z � ẑ

1, z 	 ẑ

And its upper membership function is:

μ̄z̃(z; ¯̌z, ¯̂z) =

⎧⎪⎪⎨⎪⎪⎩
0, z � ¯̌z

z − ¯̌z
¯̂z − ¯̌z

, ¯̌z � z � ẑ

1, z 	 ¯̂z

Which concludes the proof.
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On the other hand, an interesting question arises from the analysis of μz̃: Is there
exists the possibility of having a linear combination of b̃i that reaches out a solution
outside μz̃? To answer that, we define the following Corollary

Corollary 32 (FOU of z̃). The footprint of uncertainty of z̃ can be defined as follows

FOU(z̃) =
⋃
z∈Z

[
μ
z̃
(z∗), μz̃(z

∗)
]

(20)

FOU(z̃) =
⋃
z∈Z

Jz∗ (21)

where Jz∗ is the primary membership function of z̃ composed by (29) and (30).

The Corollary 32 defines that the union of all possible Type-1 fuzzy sets is embedded
into FOU(z̃). By using the definitions 21 and 22 it is easy to show that there is no choice
to have a linear fuzzy set outside ∇ and �, so the question has a simple answer: No.
This is not possible if we consider that μb̃ is composed by linear primary membership
functions and μz̃ is also a linear fuzzy set, so there is no any possibility to define a linear
combination of b̃i that reaches a value outside μz̃ .

3.1 Bounds of z̃

Hitherto, μz̃ is composed by all the possible linear combinations of b̃i viewed as Type-1
linear fuzzy sets embedded into the FOU of b̃i. The membership function of z̃ is derived
from b̃i, so this uncertain fuzzy set of optimal solutions inherit their properties. This set
involves all optimal values of x regarding c(x) and b̃. This helps us to understand that
all values of z are contained into the support of z̃, supp(z̃). According to Niewiadomski
in [14] and [15], we obtain the bounds of z̃ through supp(z̃), as follows

supp(z̃) = [ž, ¯̂z] (22)

Therefore, z̃ is bounded through this interval, as well as its universe of discourse, so
the analyst should think that he could not reach either a less optimal than ž or a higher
optimal than ¯̂z.

On the other hand, all optimal linear combinations of b̃i are enclosed on supp(z̃)
through z∗ = c(x∗) and (4). This means that any optimal solution of the problem is
condensed into z̃ and the use of b̃i through its α-cuts is bounded by [ž, ¯̂z].

Under an engineering’s point of view, the selection of a particular Type-1 fuzzy set
embedded into the FOU of b̃i should reach a particular Type-1 fuzzy set z̆ embedded
into the FOU of z̃. Moreover, any crisp solution obtained from z̃ (See Figueroa in [3],
[4] and [5]) has attached a deffuzification degree regarding a Type-1 fuzzy set.

This means that the problem with uncertain constraints has a crisp optimal solution
that can be reached from a Type-1 fuzzy set embedded into the FOU of the uncertain
constraints which is a soft constraint itself, so this solution can be obtained from the
computation of an α-cut of the soft constraints.

Although Figueroa in [3], [4] and [5] proposed some approaches for solving LP
problems with IT2FC, the searching of an optimal solution is not a simple problem.



Computing Optimal Solutions of a Linear Programming Problem 573

The sense of the words ”Optimal Solution” in an uncertain scheme is a Type-2 fuzzy
concept itself, and its definition should be represented by a Type-2 fuzzy set, just like
we presented in this paper.

4 Illustrative Example

The following is a maximization example where the main idea is to compute z̃ from
z∗ = c(x∗), (4) and b̃. All parameters of b̃, c and A are defined in matrix form.

A =

⎡
⎢⎢⎢⎢⎣

5 3 7
10 4 9
4 6 3
2 7 7
5 6 11

⎤
⎥⎥⎥⎥⎦
; b̌ =

⎡
⎢⎢⎢⎢⎣

50
70
40
60
40

⎤
⎥⎥⎥⎥⎦
; b̂ =

⎡
⎢⎢⎢⎢⎣

72
104
65
95
80

⎤
⎥⎥⎥⎥⎦

¯̌b =

⎡
⎢⎢⎢⎢⎣

60
80
55
75
57

⎤
⎥⎥⎥⎥⎦
;
¯̂
b =

⎡
⎢⎢⎢⎢⎣

95
110
77
102
98

⎤
⎥⎥⎥⎥⎦
; c =

⎡
⎣
12
17
9

⎤
⎦

By using the Theorem (31) and (11) to (15), we obtain the following results:

ž = 113.33 (23)
¯̌z = 157.16 (24)

ẑ = 189.68 (25)
¯̂z = 223.5 (26)

A graphical representation of the bounds of z̃ is presented in Figure 2.

1

μz̃

z∗ž
113.33

¯̌z
157.16

¯̂z
223.5

ẑ
189.68

FOU

Fig. 2. Interval Type-2 Fuzzy Set z̃ and its FOU
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5 Concluding Remarks

The following concluding remarks are proposed:

1. An analytical way to compute the bounds of the optimal values that a FLP can take
is presented and a discussion about its definition is done.

2. An extension of the results of Zimmermann is provided and its scope is extended to
a Type-2 fuzzy sets environment. The concept of a symmetric FLP problem is used
to define the fuzzy set of optimal solutions of an IT2FLP model.

3. An infinite set of choices of b embedded in b̃, b ∈ supp(b̃) could be defined. Dif-
ferent experts or analysts can define several b̆, so the IT2FS approach involves all
their estimates and perceptions about a fuzzy constraint.

4. The problem of finding a global optima is still an ongoing problem. Some ideas
about Type-reduction (See Melgarejo in [16], [12], [17], and Mendel in [6], [10],
[18] and [19]) and interval optimization (See Lodwick in [20], [21] and [22], and
Kreinovich in [23] and [24]) can be helpful on the way to design a general opti-
mization method for IT2FLP.

Finally, it is important to recall that the scope of this paper is to define z̃ as a function
of b̃ and its parameters. This is a starting point for researchers who want to optimize
uncertain and upcoming problems. The use of linguistic uncertainty in optimization
arises as the next step in operations research and decision making.

5.1 Further Topics

The theory of Generalized Interval Type-2 Fuzzy Sets (GT2 FS) arises as a new chal-
lenge. This one has an additional degree of freedom that should be considered in the
modeling process, this feature is the secondary membership function fx(u)/u which
induces to new directions.
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Appendix: Membership Functions for � and �

In order to define � and � in (2), the lower membership function for � is:

μ
b̃
(x; b̌, b̂) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1, x � b̌

b̂− x

b̂− b̌
, b̌ � x � b̂

0, x 	 b̂

(27)
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And its upper membership function is:

μ̄b̃(x;
¯̌b,
¯̂
b) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1, x � ¯̌b

¯̂
b− x
¯̂
b− ¯̌b

, ¯̌b � x � b̂

0, x 	 ¯̂
b

(28)

The Lower membership function for � is:

μ
b̃
(x; b̌, b̂) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, x � b̌

x− b̌

b̂− b̌
, b̌ � x � b̂

1, x 	 b̂

(29)

And its upper membership function is:

μ̄b̃(x;
¯̌b,
¯̂
b) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, x � ¯̌b

x− ¯̌b
¯̂
b− ¯̌b

, ¯̌b � x � b̂

1, x 	 ¯̂
b

(30)

A graphical representation of (27) and (28) is shown in the Figure 1. A symmetrical
reasoning can be done for visualizing (29) and (30).
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Abstract. Most nonlinear processes suffer from lack of detectability when 
model based techniques are applied to IFDI (intelligent fault detection and 
isolation) tasks. Generally, all types of nonlinear processes will also suffer from 
lack of detectability due to the inherent ambiguity in discerning faults in the 
process, sensors and/or actuators. This work deals with a strategy to detect and 
isolate process and/or sensor faults by combining neural networks based on 
functional approximation procedures associated with recursive rule using 
techniques for a parity space approach. For this work, a case study dealing with 
the supervision of a solar volumetric receiver was performed using the proposed 
intelligent techniques, and produced reliable and acceptable IFDI results. 

Keywords: Conjugate Gradient, Fault Detection, Fault Isolation, Neural 
Networks, Parity Space, Residual Generation. 

1 Introduction 

The detection and isolation of features indicating undesired changes in the sensors, 
actuators, behavior or performance of a process, is strongly associated with safety. 
When models describing a process function accurately under model-based 
approaches, the problem of fault detection may be solved by observer-type filters. 
These filters generate the so-called residuals computed from the inputs and outputs of 
the process. The generation of these residual signals is the first stage in the problem of 
fault detection and isolation (FDI). To perform reliable FDI tasks, the residuals must 
be insensitive to model errors and highly sensitive to the faults being considered. 
Thus, the residuals are designed so that the effects of possible faults are enhanced, 
which in turn increases their detectability. The residuals must also respond quickly. In 
order to detect the presence of faults, the residuals are tested. Several FDI methods 
have been previously published [1-5], among the classic bibliography [6-8]. 

1.1 Model Based on Fault Detection Methods 

Fault detection methods based on process and signal models include actuators, 
processes and sensors for which input and output variables must be accurately 
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measured. Such methods deal mainly with parameter estimation, state observers and 
parity equation methods. When measuring instrumentation fails, the fault detection 
techniques based on the use of input/output measurement yield ambiguous and/or 
erroneous and useless results. 

Intensive research on models based on fault detection methods has been carried out 
in recent decades. The following is a brief list of process model based fault detection 
methods: 

1. Fault detection with parameter estimation [4] 
 -Equation error methods 
 -Output error methods 
 
2. Fault detection with state-estimation. 
 (a) Dedicated observers for multi-output processes. 
 - State Observe, excited by one output [9]. 
 - Kalman filter, excited by all outputs [10], [1]. 
 - Bank of state observers, excited by all outputs [1]. 
 - Bank of state observers, excited by single outputs [3]. 
 - Bank of state observers, excited by all outputs except one [3]. 
 
 (b) Fault detection filters for multi-output processes [11].  
 
3. Fault detection with parity equations [2], [12], [13]. 
 (a) Output error methods. 
 (b) Polynomial error methods. 
 
4. Fault detection using analytical redundancy [14]. 
 (a) Static analytical redundancy. 
 (b) Dynamic analytical redundancy. 
 

No general method exists for the FDI problem. Successful FDI applications are based 
on strategies that combine several methods. Practical FDI systems apply analytical 
redundancy using the first-principles like action-reaction balances such as mass flow 
rate balance, energy flow rate balance, force/torque/power balances and more 
commonly, the mathematical balance of any cause-effect dynamic equilibrium 
condition. 

When the previously mentioned diagnosing technique is applied to nonlinear 
systems, it suffers from lack of detectability. Residuals are the outcomes of 
consistency checks between the plant observations and a mathematical model. The 
three main ways to generate residuals are parameter estimation, observers, and parity 
relations. For parameter estimation, the residuals are the difference between the 
nominal model parameters and the estimated model parameters. Derivations in the 
model parameters serve as the basis for detecting and isolating faults. 
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In many practical applications of FDI, the process parameters can be either partially 
known or not known at all. Unknown parameters can be determined by parameter 
estimation methods measuring input and output signals, assuming the basic model 
structure exists. There are two conventional approaches based on the minimization of 
equation error and output error that are commonly used. The first one is least squares in 
non-recursive or recursive form. The second one requires numerical optimization 
methods and therefore iterative procedures, but may be more accurate under the 
influence of process disturbances. The symptoms are deviations from the process 
parameters. As the process parameters depend on physically defined process 
coefficients, determination of changes usually allows deeper insight and facilitates fault 
diagnosis [2]. 

These two conventional methods of parameter estimation usually require a process 
input excitation and are especially suitable for the detection of multiplicative faults. 
The parameter estimation requires an input/output correct measuring system. Some 
drawbacks of these methods are: 

 - The possibility of faulty measuring signals. 
 - Unknown model structure and/or unknown model changes. 

Many complex problems that use intelligent supervision strategies require hybrid 
intelligent systems techniques that integrate several hybrid artificial intelligent 
techniques associated with expert or rule based systems, fuzzy logic, neural networks, 
neuro-fuzzy and learning algorithms, including genetic algorithms [15-19]. Some of 
these techniques are applied to achieve the proposed supervision and IFDI objectives. 

1.2 Goals to Be Achieved 

The basic principles of system diagnosis are based on residuals. Residual generation 
supposes a troublesome task in the case of sensor diagnostics. The most commonly 
applied techniques are all based on physical or analytical redundancy, though physical 
redundancy based on solutions require double or triple the number of sensors for each 
measure. Instead of applying the more expensive physical redundancy, the analytical 
or model-based redundancy approaches are more often integrated, thus reducing 
maintenance costs. Figure 1 shows a block diagram of the methods most commonly 
applied to the supervision of industrial processes for IFDI. There are many more 
methods for system diagnosis such as time frequency methods (Wavelet Signal 
Processing) or neuro-fuzzy classification techniques, which are among the most 
relevant. 

The grey boxes in figure 1 deal with the concepts of applied diagnostic referred to 
in this work. As shown in figure 1, supervision by IFDI is performed using analytical 
redundancy, parity relations into a parity space approach, with the help of analytical 
models, NN based models, and a rule based system to solve a decision making task. 

When the IFDI methods are applied to nonlinear processes, they suffer from lack 
of detectability. Thus, this work is oriented towards functional approximation 
techniques using well known models based on feedforward NN [20-25]. This research 
then focuses on the problem of fault detection, fault isolation, and fault estimation by 
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applying a parity space approach where plant modules are achieved by steady state 
functional approximation techniques on the basis of NNs, where residual generation is 
achieved by comparing data measured in real-time with data achieved from models of 
trained NN. The tasks to be carried out consist of achieving a consistent NN-based 
steady state model of the plant. Model output is then used as a residual generator. The 
residuals that are obtained are evaluated by a set of rules for detecting and isolating 
plant faults, which include process faults and sensor faults. 

 

 

Fig. 1. Some generic methods for IFDI 

The following sections will describe the proposed complementary technique, as an 
option to substitute or complement some of the mentioned conventional techniques. 

2 Causality Based Modeling Approach 

The relationship between cause and effect is known as the principle of causality. The 
causality of two events describes to what extent one event is caused by the other. 
When there is open loop causality, there is a measure of predictability of a second 
event caused by the first event.  

Functional approximation is currently one of the most appropriate techniques for 
describing nonlinear models of plant modules such as process, actuators and/or 
sensors. In this task, feedforward neural networks have been effectively applied. 

With regards to thermal efficiency, the analytical model of the volumetric receiver 
process is defined by equations (1) and (2) by applying energy balances. 
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where  
η is the thermal efficiency of the volumetric receiver. 
Qu is the useful heat. 
Qs is the supplied heat. 
m   is the fluid mass flow rate. 
Cp  is the fluid specific heat capacity. 
To is the fluid output temperature from the receiver. 
Ti is the fluid input temperature to the receiver. 
AAp  is the volumetric receiver aperture area. 
AAb  is the absorber area. 
U is the heat transfer coefficient. 
TA is the absorber temperature. 
TF is the average fluid temperature. 
C is the concentration factor. 
ES  is the direct solar normal radiation density. 
 

Using this approach, some variables, such as temperatures, flow rates and energy flow 
density, can be directly measured. However, some process parameters must be 
indirectly obtained, such as the heat transfer coefficient, whose variation is a 
symptom of process (absorber) deterioration due to the solar temperature. 

As shown in previous equations, several variables and parameters are involved. A 
complementary model is required to supervise the thermal efficiency of the volumetric 
receiver using analytical redundancy. This model is achieved from experimental data, 
which is used to train a NN. Thus, there are at least three definitions that exist for 
thermal efficiency, as shown in equations (3): 
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Under free faults condition, the defined modes of efficiency are identical, so that  

21 AA ηηη ==  (4)

Similarly, it follows that  
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2.1 On Functional Approximation by Feedforward NNs  

There are several steps that must be followed when building any empirical model, 
including neural models. They include: Data collection, Pre-processing, Design, 
Training/Testing and Verification. 

One of the challenges of building neural models is the many inherent pseudo-
correlations evident in process data. Auto-correlation, cross-correlation, and other 
statistical concerns will often confuse the system that generates models into believing 
that a true correlation exists, when in reality it is only temporary or coincidental. 
Training a neural model by using as much laboratory and process data from as many 
sources as possible is the best way to ensure that true correlations are correctly 
identified. Ideally, no step-testing or manual interruption of the process is necessary 
during the development and training of a network. A highly stable process can make it 
easier to correlate process data with lab analyses. Some process variability is required 
to observe a correlation. If the process does not vary sufficiently, or if the process 
wanders into a range where no training data has been collected, the model will not be 
reliable. Taking these possibilities into account, it follows that slow changes or steps 
that are held for relatively long periods are the best types of input for training a neural 
model. The NN model configuration makes it possible to discard any measured 
variables that have little or no effect on model outputs, thus effectively eliminating 
them from further input training sets. In fact we are interested in being able to identify 
the variables with the greatest significance. To this end, statistical techniques such as 
Partial Least Squares (PLS) and Principle Component Analysis (PCA) are used to 
identify not only the sensitivity of each input, but the sensitivity with regards to the 
time required to reach steady-state. This enables the identification of time delays 
between the moment when a process measurement is observed and the moment when 
the corresponding change in lab property is observed. Each input takes its own time 
delay into account, and the pre-processing analysis helps identify and eliminate inputs 
that don’t contribute to the model. After performing data analysis, the thermal 
efficiency can be described by a simple nonlinear experimental function such as that 
provided in equation (6). 
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After variables that exhibit no effect on the NN output have been excluded from 
NN function in equation (6), the result is a simple experimental NN based function 
output, as shown in figure 2.  

Such an experimental model depends on only two measured variables, and 
represents an advantage with regards to measuring data. Data acquired for the task of 
estimating efficiency must be reliable. Thus, the measuring system (sensors) is 
expected to be accurately adjusted and free of any faults. Under the assumption of 
such conditions, the pre-processed training data, where input variables that have not 
influenced the output (efficiency) have been eliminated from training sets, are the 
concentration factor and the average temperature. 

 



 Supervision Strategy of a Solar Volumetric Receiver Using NN and Rule 583 

500

1000

1500

2000

2500

0

1000

2000

3000

4000

5000
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

←100

←500

←1000

←2000

Average fluid temperature

←5000

Concentration factor

T
he

rm
al

 E
ff

ic
ie

nc
y

 

Fig. 2. Thermal efficiency as a function of the average absorber temperature TAb and solar 
energy concentration factor C 

3 Supervision Strategy 

The task of supervising is carried out by processing a set of rules which take into 
account the residuals achieved by comparing the computed results of efficiency 
between NN based models and analytical models. The proposed set of rules is 
described in table 1. 

Table 1. The necessary set of rules to verify process and sensors correctness (rule 1), and to 
detect and isolate some faults (rules 2, 3 and 4) processed in the recursive supervision task. 

Rule Premises Conclusion 
1 IF η = ηA1 AND η= ηA2   THEN Sensors (OK) and Process (OK) 
2 IF Qu1  ≠ Qu2                  THEN At least one involved sensor fail 
3 IF η = ηA1 AND η ≠ ηA2  THEN Sensors of ηA2  fail 
4 IF η ≠ ηA1 AND η = ηA2  THEN Sensors of ηA1  fail 

 
Rule 1 means that both the complete measuring system and the process parameters 

are correct. 
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At this point, assuming the measurements of C and TF  are correct, which means 
assuming that To and Ti are also correct, since TF = (To+Ti)/2, then rules 2, 3 and 4 
apply. 

When processing rules 2, 3 and 4, potential sensor faults may be due to: TA, To, Ti, 
m , and ES, while potential process faults are the parameter U due to the absorber 
deterioration under the same working fluid, which implies Cp constant. 

 
 
 
 
 
 
 
 
 
 

Fig. 3. A flowchart of the supervision strategy 

A flowchart to schedule the supervision task is implemented according to the chart 
shown in figure 3. To generate residuals, the output of the neural network model η = 
f(C, TF) is compared to the current analytical and computed variable. The existence of 
any discrepancies, which are due to computation truncation and measuring 
imprecisions, must be taken into account. The conclusions given by the rules applied 
in table 1 are then carried out. When the diagnostic task is enabled, the flowchart 
depicted in figure 3 is performed sequentially and recursively.  

Some redundant rules can be applied in order to verify reliability. Table 2 describes 
a set of such rules. 

Table 2. Optional redundant rules to verify process and sensors 

Rule Premises Conclusion 
1 IF Qu = Qu1 AND Qu= Qu2                     THEN Sensors (OK) and Process (OK) 
2 IF Qu = Qu1 AND Qu ≠ Qu2                    THEN Sensors of Qu2                  FAIL 
3 IF Qu ≠ Qu1 AND Qu = Qu2                    THEN Sensors of Qu1                  FAIL 
4 IF Qu1 = Qu2 AND (Qu1 OR Qu2) ≠ Qu THEN Sensors and/or Process      FAIL 

3.1 Supervision Results 

Extensive tests on the solar volumetric receiver model were carried out to verify the 
reliability of the supervision strategy by simulation, where the data processed belongs 
to the set of sensors that were taken into consideration for this study using analytical 
redundancy, and previously defined by equation 1. Since a NN depends on three 
inputs (two variables To, Ti, and a constant known parameter C), verifying the 
behaviour of the remaining sensors and parameters is a straightforward task that 
involves processing the set of rules previously related to the decision making task. 

enabling IFDI test. 

residuals 
actual measured values 

 η = f(C, TF) 

fault detection rules with inherent 
fault isolation from table 1

decision making and 
problem solving tasks. 

actual NN 
inputs 
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Table 3 lists the results of a supervision session. It consists of a series of tests carried 
out by invoking some previously known faults to verify the supervision strategy 
response. 

As shown in table 3, decision making is an ambiguous task. Analytical redundancy 
is not completely reliable because available analytical models depend partially on the 
same sensors. Consequently, deterministic conclusions are not possible for involved 
sensor faults for tests 2 and 3. Nevertheless, proposed supervision strategy is thought 
to provide significant assistance in maintaining personnel at effective cost. 

Table 3. Test results 

Test Invoked fault Symptom Isolation Decision 
1 Sensor TAb Qu1 ≠ Qu2, Qu=Qu2 Fault in Qu1 Check Qu1 for TAb sensors  

and AAb.U parameter 
2 Sensors To, Ti Qu1=Qu2,  

Qu ≠Qu2 and Qu1 
Fault in Qu1 
and Qu2 

Ambiguity: check To, Ti 
And  sensors ES 

3 Sensor ES Qu1=Qu2,  
Qu ≠Qu2 and Qu1 

Fault in Qu1,Qu2 
 and Qs 

Ambiguity: check To, Ti 
And  sensors ES 

4 Sensor m’ Qu1 ≠ Qu2, Qu=Qu1 Fault in Qu2 Check Qu2 for m’ sensor and 
fluid properties  

4 Conclusions  

This study proposed and successfully applied a supervision strategy focused on 
detecting and isolating solar volumetric receiver under steady state conditions, based 
on causal NN modeling techniques. 

Results show that the detection of a drift fault associated with the process variable 
(temperature) measuring sensor was successfully achieved with the presence of a 
correct measuring system. 

The detection of a drift fault associated with the process variable (temperature) is 
not sensible to process disturbances. Such a characteristic is very interesting from the 
point of view of robustness and system reliability. 

By discarding the transient state as a portion of time in which a supervision task 
cannot be applied, we were able to ensure that such a fault detection scheme is 
immune (not sensible) to the process disturbances. 

This supervising system needs to be updated every time parameter changes are 
detected, by training the applied neural networks. This characteristic is a serious 
drawback since this forces the plant to go off-line, which affects productivity. 

The most important disadvantage of the applied methodology is the impossibility 
of detecting faults when the process is in the transient state. 
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Abstract. Operating Systems (OS) are the software parts that abstract
the hardware to a higher level to be used by developers, users and other
applications. It also ensures, with some limitations, a properly use of all
these pieces and computing resources. In the last years, with the enor-
mous success of the Internet, network management has been added to
those tasks, allowing us the implementation and evolution of new tech-
nologies by providing basic services for them. However, all the recent
advances in this area are constructed over the OS, not inside it, which im-
plies that some levels of software abstractions are required to adapt them.
As a result, it can be understood that the role of the OS has not reached
enough control over new applications, technologies and paradigms cre-
ating a lack of security and efficiency. In this paper a new approach for
the OS modeling is presented. It is taken into account the emerged ne-
cessity of improving it with modern paradigms such as interaction-based
computing, cloud-computing and even multi-agent systems.

Keywords: Operating Systems, Multi-Agent Systems.

1 Introduction

Operating Systems (OS) are one of the most complex software products to
design, develop and maintain. They must provide a critical functionality and
performance and also good results for security, reliability, fault-tolerance and ef-
fectiveness. Moreover, their construction become really complicated due to their
dependability[4] and efficiency constraints.

As an example we can focus on the process abstraction. The definition of pro-
cess for the abstraction of a piece of code compiled and running has resulted quite
static and not too flexible. When the implementation of threads was introduced,
a lot of changes have had to be performed in the OS kernels. Additionally, its be-
havior is far away from the current trends of the new developed paradigms, such
as the Computing as Interaction [10], peer-to-peer[12], autonomous systems[3]
or distributed computing like cloud computing[14] or grid systems[6].

In the last years, different middleware for the OS have been developed. These
middleware provide a higher level of abstractions in order to enable designers
to build more complex software in an easier and feasible way. In this sense, not

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 588–599, 2012.
c© Springer-Verlag Berlin Heidelberg 2012
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only the middleware has been created to extend the capabilities of the basic
abstractions of the system, but also virtual machines have been implemented for
managing specific entities of the system in an independent way, specially those
that the OS cannot deal with. Multi-agent system platforms are a clear example
of middleware which provide a powerful and high-level functionality that the
OS is unable to give support to. These agent platforms are required for agent
execution, but they imply a loss of efficiency, not only by including different
layers between the agent paradigm and the OS, but also by lacking in support
to several abstractions of the OS.

In this work, a new model of OS is presented. To face these problematic situa-
tions exposed before this work proposes the use of an agent-based methodology,
structured in organizations and oriented to services by moving towards Operat-
ing Systems based on Agent Organizations. Therefore, it is possible to centralize
the management of the OS and middleware. Using the agent technology to im-
prove the OS design and solving these inconsistent and replication conflicts. In
this proposal system applications are modeled as agent organizations, that form
a modular system in which each agent can dynamically enter inside, collabo-
rating to the achievement of the global goals of its organizations. Similarly, the
OS itself is modeled as an agent organization that offers functionality to the
other organizations that are executed in the system by means of services. Some
of its offered services are: organization life-cycle management, access to system
services, registration of new services, resource access, etc.

In Section 2 our position about integrating multi-agent system abstractions
in the OS design is presented. In this section some traditional abstractions are
mentioned as possible candidates to be improved or at least reconsidered, tak-
ing into account modern technologies and methodologies. Next, in Section 3, a
description of the analysis of an Operating System based on Agent Organiza-
tions is detailed. In this analysis, the global goals of the system are defined, its
functionality (services) and its stakeholders, employing the GORMAS method-
ology, which offers a set of meta-models for the analysis and design of an open
multi-agent system, from an organizational point-of-view. In section 4, an ab-
stract architecture of the OS is detailed. Finally, conclusions are presented in
section 5.

2 Towards the Integration of OS and Agents

The agent model is a complex computational entity, usually driven by a set of
goals and supported by a set of believes. In order to execute these computational
models, a specific support for evaluating goals, managing believes and selecting
the different tasks that lead to goal achievement is needed. This support can
be included inside the OS, implementing the execution support based on goals
(instead of other older programming paradigms) and improving the efficiency
in the context switches, memory management and other parameters of the OS
performance.

The user abstraction also presents a completely different perspective in a
Multi-agent System or in an Operating System. The owner of an agent that is
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running has no relationship with the user abstraction of an OS. As a consequence
it is not clear which privileges should be conceded to the agent. This is due to
the fact that the OS has not knowledge about the particular user management
of the agent platform.

When trying to implement the security policies of agents, many conflicts inside
the agent platform implementation and the OS have to be faced with. The agent
platform is executed in the OS with user permissions. Hence, all the agents
have the same permissions that the user and this is not necessary correct. Each
agent could have a different OS owner. However, in some situations, the security
policies that are developed in the middleware complement the OS ones.

Integrating concepts of the multi-agent system technology as new abstractions
of the OS can provide many interesting advances in the research field. Agent
features, like reactivity, proactivity, autonomy and sociability, will provide a
great flexibility and dynamicity to the computational entities of the system.
These features are not developed in the current abstractions of an OS, but they
can be considered when including the agent technology as a computational entity
of the system. In this way, creating autonomous computational entities allows the
system to have applications that can achieve their goals on their own, without
external interaction. This type of computational entity, unlike processes, is not
a program counter that executes instructions in a sequential way, but a program
that searches the best way for achieving its goals based on the tasks that it is
capable of running. Moreover, as a social entity, it is able to communicate with
other agents of its environment, demanding or providing services, in order to
find the best solution to a problem.

Finally, employing the agent concept as a computational entity of the OS
implies making profit of reactive and proactive entities. In this way, the com-
putational entities of the system not only can execute code in a sequential way,
but can also be aware of their environment and take proactive actions without
external interaction.

With all these features in mind, we have envision an OS in which the com-
putational entity is the agent, a high-level abstraction that gives great power to
the applications development by means of the agent paradigm. Moreover, the
multi-agent system technology focuses on groups of agents that collaborate to
achieve a specific goal. In the last years, the concept of agent organizations has
been highly employed, which implies a global goal, a defined topology, and a set
of roles and norms that have to be accomplished by the members of the organi-
zation. These organizations, based on the Human Organization Theory[1], allow
us to implement open systems where heterogeneous agents can be organized to
achieve the organizational global goal.

An added value that can be obtained when modeling an OS based on agent
organizations is the development of an open distributed system. Thereby, making
use of the OS as a virtual organization manager and defining applications as
agent organizations, user applications can be executed in a distributed way,
selecting dynamically the best components that are more suitable to reach the
goals of the organization.
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With this executing model based on agent organizations it is possible to build
applications that contract their calculation operations to external organizations,
from a set of offered options. More specifically, the organization that represents
the application is capable of selecting the best service among the offered options
based on the service cost, its precision or other interesting parameters. Thus,
the OS computational model is extended from the cloud-computing one, since
the system is able to select, in an autonomous way, the elements to be included
inside its organization to reach its goals.

3 Analysis of an Organizations-Based Operating System

The major obstacle of designing an OS based on agent organizations is that this
OS is, concurrently, both an agent organization and a platform for other agent
organizations. More specifically, the agent platform is completely integrated in
the kernel of the OS, so it can provide all the advantages related in the previous
section.

The analysis of the proposed OS is undertaken using a modern organizational-
oriented Multi-Agent System (MAS) methodology called GORMAS (Guide-
lines for ORganizational-basedMulti-Agent Systems)[2], which includes different
meta-models and views to model systems based on the agent organizations tech-
nology.

In the analysis stage, a description of the motivation (mission) of the system
is detailed. This includes defining the main goals of the system and the expected
results, the services offered by the organization and its stakeholders (actors),
and also the required roles that these stakeholder must adopt to provide or to
employ the registered services of the organization.

Following, a brief description of the goals, services, actors and roles of the
system and also their relationships are detailed.

3.1 Goals

The main goals pursued by the OS organization, which is also an agent platform
that gives support to other organizations, include all those ones of a classical OS
(i.e. protected hardware access, maximum resource usage) and also the goals of
an agent platform based on organizations. The Mission of the proposed system
is defined as the following set of goals:

1. Maximizing the utilization of all the system resources (hardware and soft-
ware).

2. Protecting access to hardware resources.
3. Providing a simple layer of abstraction for hardware resources.
4. Providing an execution support and a life-cycle management of all organi-

zations and agents that are executed in the system.
5. Giving support to service registration, search and invocation of open services.
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Fig. 1. Organization Model. Functional View. Mission

In order to achieve this set of global goals (Figure 1), the system must provide
several services that represent the internal functionality of the system. These
services are explained in the next subsection.

3.2 Services

As an open system, not only the services provided by the OS are offered and
consumed, but also other computational entities (those that are allowed to par-
ticipate inside the system according to the security policies) can register and
provide their services to the rest of the system entities.

Under the paradigm we are working on, we have modeled a service-oriented
system[11] based on the Service-Oriented Computing paradigm (SOC)[13]. In
this system every organization consumes services in order to achieve its goals
correctly or provides its services to the rest of the system organizations (or even
to other systems, as long as it is an open and distributed system). We have called
these open services operations.

System services are divided into three different types of meta-services:

Organizations Management: this type of services provides a basic function-
ality to create organizations in the system, to manage their life-cycle and
topological structure, to manage their norms and rules and also to enable
dynamic entry/exit of agents into organizations.

Open-Services Management: represents a set of basic services to register,
deregister and search operations (open services). Thus, operations can be
registered and employed by other computational entities that interact with
the system.

Operations and Resources Management: includes a set of basic services
to invoke operations and to access hardware resources, in a protected way.

These are the services offered by the OS to its agents or organizations. These
meta-services consist of a set of services that agents are able to invoke in order
to interact with the OS.
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Fig. 2. Organization Model. Structural View.

3.3 Actors and Roles

The Agent Organizations-based Operating System is considered as an open
service-oriented system, in which entities can provide its own implementation
to registered services for operations and resources. There are two types of actors
or stakeholders that interact with the system: clients and servers. In Figure 1
the relationships between these actors and the system are shown.

The Client actors interact with the OS to consume system services, both
resources and operations. These actors are represented as abstract agents, that
might be modeled as single agents or agent organizations in further steps of
the analysis and design process. Their main goal is to achieve their own goals,
making use of the resources and operations provided by the system.

The Server actors implement the specific functionality of the open services:
resources and operations. Resource services include hardware access and other
related functions, so they require some special privileges. Operations represent
the software services that any agent might be capable to offer, without needing
so many privileges from the OS.

To manage the security polices and privileges needed to perform these open
services this OS defines a role system. Using this defined role system, system
agents can dynamically adopt several roles, which establish all permitted and
prohibited actions. An agent can adopt different roles inside the system simulta-
neously, such as being both a resources Server and an operations Client at the
same time, while it is also a member of the system organization.

Following, the roles defined in the system are described. They are also depicted
in Figure 2.

Organization Member: this is the most basic role that any agent adopts
when entering inside the system. An agent belongs at least to one organi-
zation (for example, a plain organization in which it is the only member).
When adopting this member role, he also acquires all privileges and obli-
gations related to this role, such as permissions for invoking some specific
management services of the organization (e.g. organization entry/exit, in-
formation about organizational goals, information about the services of the
organization). It can also invoke system services.
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Service Facilitator: this role is adopted by any agent that wants to provide
a service inside the system. As explained before, open services are divided
into resources and operations. As each type of service implies different priv-
ileges (i.e. it is not the same to provide a software service than a hardware
device access), this role is specialized into: Resources Facilitator and Op-
erations Facilitator for the management of both the resources and the
operations.

Manager: this role is in charge of managing the different critical tasks of
the system, so it can only be adopted by internal agents of the OS. It is
specialized into:
Organization Manager: it controls the life-cycle process of the organiza-

tions of the system. It is in charge of providing the services related with
the management of organizations, such as creation, access, information,
etc., being a key element of the OS.

Service Manager: it provides all functionality related with service regis-
tration, deregistration and service searching. Thus, agents playing this
role are in charge of providing the basic management of services for the
other agents of the system, so they are enabled to publish and offer they
own services and invoke those ones of other agents.

Contracts Manager: it controls the creation and management of con-
tracts, which are an additional product of the system to improve the
reliability and stability of the system. By using contracts, agents can ne-
gotiate some specific parameters and features needed for an interaction
inside the system. For example, a contract is generated when an agent en-
ters inside an organization. A contract is also generated before a service
provision is done. It can even be required to consume a specific resource
of the system. Contracts define which are the allowed interactions, which
are the resources that can be accessed by the agent and they can also
indicate time restrictions to achieve goals or to use services. Therefore,
contracts define a way to control agent actions.

Figure 3 shows the Organizational Model (Internal Functional View), that con-
nects system roles with the different abstract agents of the system: clients, servers
and managers. Finally, Figure 4 shows the Organizational Model (External Func-
tional View) that connects system roles with services provided by the OS. This
Organizational Model is defined according to the GORMAS methodology.
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As stated before, an external entity of the system can participate inside both
as a client or a server, but not as a manager, which is implemented by internal
agents of the system (similarly to the OS kernel). Client agents can only adopt
the Organization Member role, which, as shown in Figure 4, is enabled to invoke
service systems: OrganizationManagement, Services Management and Resources
Management. Server agents can adopt the Organization Member role, and also
the Resources Facilitator or the Services Facilitator roles.

In order to achieve a global view of the modeled system, we can head to the
External Functionality diagram of the Organization Model from the GORMAS
methodology. In such diagram (see Figure 4) it is possible to identify the relation-
ships between the services provided by the system (by means of the OProvides
relationship) and the roles that agents take on in order to use or provide such
services.

As can be seen in the related figure, the Organization Member role is the
most basic role that an agent can assume. Its only purpose is to provide the
ability to invoke the system self services: Organizations Management, Services
Management and Resources Management.

Notice that this diagram does not show the operations service. This is because
operations are features provided by the agents executing inside the system. It is
not an OS goal to provide such operations. Its goal is to provide the support to
register, search and use these operations, and this goal is pursued by the Services
Manager role. The ability to provide both resources and operations is assumed
by the Service Facilitator role. This role is specialized in the Resources Facilita-
tor and the Operations Facilitator. Agents that assume the Resources Facilitator
role are able to provide the resource access service, which is part of the OS. It is
necessary to execute those services under some minimum protection parameters
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in order to avoid wrong manipulations of the hardware. Those minimum resource
access services can also be inherited by agents that assume the Resources Facili-
tator role (not only internal agents). Also notice that the Operations Facilitator
role does not provide any initial service, since these services are open services
(not part of the OS) and will be registered dynamically in the system.

4 Abstract Architecture of an Agent-Based Operating
System

An initial abstract architecture for an Operating System based on Virtual Agent
Organizations has been proposed (Figure 5). This type of architecture is chal-
lenging, mainly because we are building the system making use of a specific
technology as design philosophy (i.e. agent technology), but also the main goal
of the system is to provide this technology to its users. In short, we are building
a multi-agent system platform that is also a multi-agent system at the same
time. Moreover, this platform is directly working on the system hardware, so it
must have extra goals that a classical agent platform does not need to take into
account, such as resource protection, users management or platform execution of
its own agents. In the same way, it must consider the specific tasks of an agent
platform, but with a more strict way, such as agents’ life-cycle management,
agent organizations and communication layer.

In this work, system efficiency is not under scope, since our main goal is to
propose an architecture based on an advanced technology that enables building
very dynamic, autonomous and social systems with great expressivity. However,
a small kernel or microkernel[5,7] that provides the minimal functionality re-
quired is needed, in order to build our OS on top of this kernel and the hardware
resources. These microkernels have been highly developed in the recent years in
the OS field.

As it is shown in Figure 5, all components of the OSs are built on top of
this microkernel. These components offer the basic services of the system, i.e.
Organizations Management, Services Management and Service Facilitator meta-
services. It should be noticed that the Service Facilitator offers two kind of
services: operations and hardware resources. As resources have direct access to
hardware (controlled by the Service Facilitator component), they do not always
need to make use of the microkernel.

It is necessary to provide these agent-related services from the OS layer. This
way the OS can manage correctly the execution of the running agents in the
system. It can control the high level abstractions that an agent owns from the
management layer. This abstractions could be: the mailboxes where agents re-
ceive messages, the set of believes and desires (in a BDI[15] environment) and
the services offered by agents. By upgrading these abstractions to the OS man-
agement layer, where processes are scheduled and interruptions are managed,
we can make a more efficient, secure and reliable use of agents in the system as
long as they are treated as computational entities.

Finally, applications executed in the system include the virtual agent orga-
nization abstraction in a goal-driven, service-oriented system. Each application
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is represented by an agent organization that pursues a global goal or mission.
Agents belonging to the organization must help on achieving this mission and
can be punished or rewarded by the Manager agents.

As a remark, applications and classical dynamic libraries do not present any
difference in this system, since it is a service-oriented system and any application
can register a new service inside it, in a controlled way, and consume any service
with a previous negotiation with this service provider and the contract manager.
As stated before, the security of the system is controlled by the internal agents
playing the Manager role. These agents are in charge of controlling the role-
enactment process of the other agents, monitoring the contract establishment
and its accomplishment and applying the specific sanctions or rewards according
to the organizational norms.

5 Conclusions

This work presents the application of an Organizational Multi-Agent System
methodology to the modeling of a complex piece of software: an Operating Sys-
tem. The objective of this work is to use the technology that has been developed
to create intelligent systems during the last years as a solution for OS design.
This technology has proved that it is enough robust and flexible to create com-
plex systems where the communication between entities and the deliberation
about their environment is present.

By providing more advanced abstractions from the OS we enable the possi-
bility of creating complex applications using the support provided by the OS
itself, without the necessity of middleware that introduces overload in the sys-
tem. Thereby, the OS provides a set of powerful abstractions that are managed
directly by the OS itself, making a more efficient and reliable system, while the
built applications are also high-leveled thanks to the abstractions provided by
the OS core.
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As a result, some higher level abstractions for the OS have been identified
(like agent organizations, roles or contracts). The objective of these abstractions
is to offer a better functionality from the base. All this without the imposed
limitations by a middleware created over the OS. These limitations are mainly
system security policies, resources management and user management.

The elements identified in this work provide an initial study of the abstrac-
tions that can be provided by an OS. These elements introduce a more powerful
technology that improves the system security and reliability. By introducing
agreement technologies in the communication between OS entities, we improve
the security provided by the system. OS entities (agents, services,...) are able to
negotiate the interactions that are going to occur inside the system. It is possible
to introduce contracts, which are managed by the OS, that control the rights
and obligations that a computational entity must apply.

The aim of this work is to analyze the foundational elements of an OS from the
point of view of an agent-based methodology. As future work we are designing an
agent model based on the conclusions of this work, where we have identified the
OS as a service-oriented system with complex computational entities (more ad-
vanced that a current process abstraction). This kind of service-oriented system
will provide us an inherent distributed system where computational entities will
be able to interact and to produce/consume services by means of the abstractions
of the OS.

An appropriate base where the functionality proposed in this work could
be introduced is the design of modern Operating Systems (like Microsoft
Singularity[9,8]). These architectures are designed with technologies that were
not usual in previous OS designs (like the use of an intermediate language, the
virtual machine embedded in the kernel or the use of contracts and manifests for
the security policies) and they are a suitable framework to develop the proposal
of this OS architecture in the future.
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Abstract. The Graph Coloring Problem (GCP) is a classical NP-
complete problem for which several approximate solution algorithms
have been proposed: Brelaz algorithm, simulated annealing (SA), ant
colony optimization (ACO). This paper reports empirical results on the
GCP over a collection of graphs of some approximate solution algorithms.
Among them, we test a recently proposed Gravitational Swarm Intelli-
gence (GSI). Results in this benchmarking experiment show that GSI
performance compares well to other methods.

Keywords: Graph Coloring, Gravitational Swarm.

1 Introduction
The Graph Coloring Problem (GCP) is a classical combinatorial optimization
problem which is of NP-complete complexity [10,14,15,20,21]. The GCP consists
in assigning a color to the nodes of a graph with the restriction that any pair
of nodes that are linked can’t have the same color. The chromatic number K is
the minimum number of colors needed to color the graph. Classical algorithms
to solve GCP are deterministic search algorithms [8,7,2]. Heuristics and random
search allow to obtain approximations to the optimal solutions in bounded time.
Recent approaches have applied Ant Colony Optimization (ACO) [11], Particle
Swarm Optimization (PSO) [13], and Swarm Intelligence (SI) [27,31].

The bee hives [1], ant colonies [12] and flocking birds [9,29,30] are examples of
swarms, whose global spatial configuration and dynamics can be interpreted as
working in a cooperative way towards solving a problem. In SI models, the emer-
gent collective behavior is the outcome of a process of self-organization, where
the agents evolve autonomously following a set of internal rules for its motion
and interaction with the environment and the other agents. Intelligent complex
behavior appears from simple individual behaviors. An important feature of SI
is that there is no leader agent or central control.

Diverse methods have diverse representations of the problem. ACO approaches
make a correspondence between colors traveling over the graph and ants. The
space for the motion of the agents is the topology defined by the graph, with-
out any physical correspondence. In PSO, agents contain a full solution of the
problem and exploration is made by generating perturbations around known so-
lutions. In SI graph nodes correspond to agents traveling in a space towards a
color coded goal.

E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 600–609, 2012.
c© Springer-Verlag Berlin Heidelberg 2012
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The remaining of the paper is organized as follows: section 2 reviews the
methods used in the comparison. Section 3 describes the generation of test graph
instances. Section 4 give experimental results showing the accuracy finding the
solution, computational cost measured in algorithmic iteration steps and time in
seconds . Finally, section 5 gives some conclusions and our lines for future work.

2 Graph Coloring Problem Methods

We have implemented 5 GCP solving methods as described in the literature:
Backtracking, DSATUR, Tabu Search, Simulated Annealing and Ant Colony
Optimization. These methods have been proved individually to solve the GCP,
but we have not find a direct comparison between all of them. We have developed
a new algorithm called Gravitational Swarm Intelligence [26] that is included in
this comparison, after proving that our algorithm works with the GCP. This
algorithm used new methods of optimization in the artificial intelligence field
[6,5]. A brief description of each algorithm follows:

1. Backtracking is a greedy but exhaustive algorithm that explores all the
search space and always return the optimal solution if it exists. As the GCP is
a NP-complete problem we can use backtracking only in small size problems
or especial graphs like the mycielsky graphs [22]. This algorithm is deter-
ministic, so always return the same solution for the same graph instance.
Backtracking is no useful with medium size or big graphs, because it needs
a huge computational time.

2. DSATUR (Degree of Saturation): this algorithm developed by Brlaz [2] is
a greedy backtracking algorithm but does not explore exhaustively all the
search space. It looks for the biggest clique in the graph and fix the initial
number of colors needed to color it. Then starts the search to determine the
color of the remaining nodes of the graph. The clique of a graph [3] is a subset
of its vertexes such that every two vertexes in the subset are connected by
an edge. It will be necessary at least the same number of colors k as the
clique degree to color the graph, that is the reason of the algorithm’s name
“degree of saturation”.

3. Tabu Search (TS): it is a random local search with some memory of the
previous steps, so the best solution is always retained while exploring the
environment [24]. TS needs a great amount of memory to keep the solutions
visited, and if the tabu list is big, it will need so much time to search in the
tabu list indeed. A full solution of a big problem can imply a lot of data to
keep so could be a limitation in the GCP.

4. Simulated Annealing [28]: inspired in the annealing performed in metallurgy,
this probabilistic algorithm finds solutions randomly. If a solution is worse
than the previous solution it can nevertheless be accepted as the new solu-
tion with a certain probability that decreases with a global parameter called
temperature. At the beginning the temperature is big and almost all the
solutions are accepted, but when the temperature cools down, only the best
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solutions are selected. This process allows the algorithm avoid local maxi-
mum. This algorithm has a big handicap when applied to solve the GCP,
because there are a lot of neighboring states that have the same energy value.
Despite this handicap, Simulated Annealing algorithm provides state-of-the-
art results for this problem[23].

5. Ant Colony Optimization (ACO): we have build an implementation following
[11] where we have n ∗ n ants making clusters around the colors. We have n
ants in each of the n vertexes. Each ant is labeled with a randomly selected
color, and the color of a vertex is equal to the color of the maximum size
group of ants of the same color in this vertex. In each step, the ants that
have a different color of the vertexes color moves through the edges to the
neighbors. With the exiting ants and the new coming ants, the color of each
vertex is again evaluated until the problem is solved.

6. Gravitational Swarm Intelligence (GSI): this algorithm is inspired in the
Gravitation physic law of Newton, and the Boids swarm of Reynolds [29]. The
gravitation law has been previously used in Swarm Intelligence [25], different
from the GSI formulated for GCP in [27] which does not try to mimic exactly
a physical system obeying Newton’s law. An intuitive description of the
algorithm follows. The GSI for GCP consists in a group of agents representing
the vertexes moving in a world where the colors are represented as goal
locations that exert an attraction to the agents. When an agent arrives at a
goal, it can get that goal color and stop moving if there are no other agents
than can’t have the same color for the GCP definition, called enemies. The
flowchart of figure 1 shows the internal logic works of each GSI agent .
Initially a random position is selected for each agent. Depending on the
position of the agent and the color goals, it moves toward the nearest goal
until reaches a position inside the circle around the color goal defined a
given radius.This circle is the region of the space where the agents stay
still after getting a color. If two agents can’t have the same color, we call
them enemies. If there are enemies in that goal, the agent try to expel the
enemies outside the goal to a random position. An enemy can be expelled if
its internal parameter Confort = 0. The Confort on an agent inside a goal
grows with time. If the Confort of the enemies is greater than zero then the
enemy Confort decreases one unit and the agent is expelled to a random
position and start again. Otherwise the agent holds the goal color position
and stops moving. If all the agents are stopped then the algorithm has solve
the problem.

3 Instances of the Problem

We have implemented a graph generator to have our own graph families with
specific features, that will help to tune the algorithms. Using Kuratowski’s theo-
rem [17][18] we have create five families of planar graphs, increasing the number
of nodes and vertexes regularly, stating with 50 vertexes and 100 edges and
finishing with 250 vertexes and 500 edges. The planar graphs upper bound for
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Fig. 1. SI Agent behavior flowchart for GCP

Table 1. Experimental graph tested features

Graph name #nodes #Edges Density K

kuratowski 50x100 (10) 50 100 0.5 4
kuratowski 100x200 (10) 100 200 0.5 4
kuratowski 150x300 (10) 150 300 0.5 4
kuratowski 1200x400 (10) 200 400 0.5 4
kuratowski 250x500 (10) 250 500 0.5 4

the chromatic number is 4 [19]. Kuratowski’s theorem is useful to built regular
planar graphs, but we have the limitation that we only know the upped bound
of the chromatic number, but no the chromatic number.

For validation, it’s a good idea to use well-known benchmarking graphs, whose
chromatic number is known. For graphs whose chromatic number is unknown
the algorithm validation comes from the comparison to other graph coloring al-
gorithms [32,4]. We have test our algorithm in previous works [27] with instances
of Mycielsky graphs [22], and the DIMACS graphs [15,16], but in this paper we
go further with more explicit problems, and bigger families. In Table 1 we show
the features of the graphs used in our test

We have a total of 50 graph grouped in 5 families. The deterministic algo-
rithms Backtracking and DSATUR has been tested once for each graph (because
are deterministic) and letting them 106 steps. The non deterministic algorithms
have been tested 30 times for each graph, and letting them 5.000 steps before
stopping them, except for the Simulated Annealing algorithm that is faster and
lest complex so we let it 50.000 steps.
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4 Experimental results

We have made experiments with randomly generated graphs generated. We have
implemented all the algorithms using Visual Basic .Net, thus building a GCP
suite that will be made public for independent validation of our claims. The graph
generator is also been included in this suite to allow other researchers to generate
theirs own graphs and solve then with one of the sixth methods. The implementa-
tion can be found in http://www.ehu.es/ccwintco/uploads/b/be/Swarm.rar.

We have implemented all these algorithm because we desire to perform com-
parison of the GCP solving methods on new graph instances, instead of using
result published in the literature, and also because is difficult to find a work-
ing implementation of this algorithms. The programing language, the computer
used or even the structures used in the implementation can made a big differ-
ence between different works. All the experiments have been run in the same
computer.

4.1 GSI Implementation

Even though, our algorithm is about SI agents moving around the search space,
we haven’t use any parallel implementation, even though we claim that our
algorithm is scalable. At each time step all the SI agents motion is evaluated.
After each time step, the cost function must be evaluated to see if the problem is
solved or not. We have two time reference units, the standard hours, minutes and
seconds to compare with other algorithms and the iteration steps to compare
experiments over the same graph. The real computing time can change from
one computer to another, but the steps will be always the same. When we are
evaluating the next position of a SI agent in the step t, we take into account
the position of the other SI agents in the step t − 1. All the implementations
have been made using the same developing language and trying to use the most
homogeneous data structures.

We have arbitrarily defined a 100 x 100 toric world. The goal radius and
Comfort parameters have been adjust in order to have better results.. The goal
radius has been set to 30 points and the goals have been deployed equidistant in
a imaginary circle. The comfort has been set to 4. With this value the algorithm
is dynamic enough to get good results. These parameter have been selected
empirically. The speed is normalized between [0,1] so is no need to change the
agents speed. We have seen that if the goal radius is small and the number of
agents is big the convergence is slow, as we expected. The same happens with the
comfort. We have demonstrate empirically that our algorithm is scalable because
have almost the same result for the five families. We haven’t have exactly the
same results for round errors.

4.2 Results

In table 2, 3, 4 and 5 we show a cloud of points corresponding the percentage of
success for each method in each graph. Each table there are results of ten graph

 http://www.ehu.es/ccwintco/uploads/b/be/Swarm.rar
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Table 2. Graph coloring results for the kuratowski graph instances of size 50 × 100

Table 3. Graph coloring results for the kuratowski graph instances of size 100 × 200

instances with the same number of vertexes and edges. The deterministic BT
and DSATUR algorithms with only 1 execution have a success of 100% or 0 %.
The Backtracking and DSATUR algorithm achieved the same result for almost
all the instances.

We can see that GSI algorithm is not the best one in some cases, but is always
between the best ones. And when the problem becomes more difficult is the only
method that still obtains good results. The GSI algorithm has a high level of
scalability and for this reason the size of the problem doesn’t affect too much to
the results. The SA algorithm is the best for small instances but it’s accuracy
decreases with the size of the problem. The ACO like our GSI algorithm should
had a stable behavior, but get poor results, and the size of the problem affects it
behavior. Other problem with ACO is the computation time requirements, when
the graph size grows the time consumed increases very fast, making this ACO
implementation useless for big graphs. Finally, the TS gets very bad results in
almost all the situations and it also very expensive in computation time.

Figure 2 shows the average evolution time in steps of the experiment for
each graph family and method. We have normalized the number of steps to



606 I. Rebollo-Ruiz and M. Graña

Table 4. Graph coloring results for the kuratowski graph instances of size 150 × 300

Table 5. Graph coloring results for the kuratowski graph instances of size 200 × 400

5.000 and show them graphically. We can see that SA is the fasted in small
instances, but GSI is the fastest with a big difference when the problem start
to grow. The Backtracking, DSatur, Tabu Search and ACO algorithms needs
about the same number of steps for each graph family. The steps need to solve
the problem increases very fast when the problem went difficult. It appears from
this experiment that GSI provides good approximate solutions in linear time.

Even though we always are speaking about steps instead of time in seconds,the
ACO method is too slow. Among the other five, SA and GSI are the fastest. In
figure 3 we can see the evolution of average time in seconds of the experiments
grouped by graph instance size. For a clear vision of the results, we have set
a maximum value of the ordinate axis of 40 seconds, saturating the plot when
the algorithm time goes over this number. The ACO needed more than 600
seconds for the two biggest families. The GSI needs little time, but more than the
SA. This is because, even though our algorithm is scalable, the implementation
haven’t take into account this important feature that would make the GSI the
fastest algorithm.
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Fig. 2. Average time evolution between families in steps

Fig. 3. Average time evolution between families in seconds

5 Conclusions

We have build a GCP suite for testing six different GCP solution methods. We
have added to this suite two graph generators, one for regular planar graphs and
other for hard 3-color-able graphs. We have tested all the methods with groups
of graphs of increasing size.
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We have seen that the stochastic Simulated Annealing is the fastest and the
most successful method for small graphs. When the size of the graphs grows, SA
starts to have problems to find a solution, but is remains the fastest method. If we
haven’t been comparing graph with a strict restriction of time and stooped, we
will have achieved better results. The GSI approach is among the best methods
for small graph and is the best for big graphs, because of its scalability features.
The ACO algorithm is very slow and has obtained quite poor results. The Tabu
Search it the worst algorithm for this problem and the most time consuming.

Future work will be directed to test the approaches on the Mizuno’s graphs
[21] and also a bigger group of graph families to continue comparing. We also
want to seek for other methods of coloring to add to our suite.
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Abstract. This paper presents an evolutionary approach to the Inverse Kinemat-
ics problem. The Inverse Kinematics problem concerns finding the placement of
a manipulator that satisfies certain conditions. In this paper apart from reach-
ing the target point the manipulator is required to avoid a number of obstacles.
The problem which we tackle is dynamic: the obstacles and the target point may
be moving which necessitates the continuous update of the solution. The evolu-
tionary algorithm used for this task is a modification of the Infeasibility Driven
Evolutionary Algorithm (IDEA) augmented with a prediction mechanism based
on the ARIMA model.

Keywords: evolutionary algorithm, dynamic function optimization, dynamic en-
vironment, inverse kinematics, time series prediction.

1 Introduction

The recent developments in robotics, cybernetics or even computer graphics have led to
a growing interest in the Inverse Kinematics problem, which concerns finding values of
parameters describing some object of skeletal structure (e.g. a robot or virtual model of
human body) which allow an intended pose of this object to be achieved. The Inverse
Kinematics approach is usually employed when it is more important to find an accept-
able placement of some manipulator (e.g. robotic arm) rather than provide an actual
control for it. Thus, this kind of problem arise mainly in the area of visualization (com-
puter graphics, animation, etc.) and as a sub-problem called arm configuration selection
in the wider context of the reaching subtask in manipulation planning problems [3,18].

One of the simplest formulations of the Inverse Kinematics problem is as follows:
find such a pose of a manipulator that, given a starting position, a desired position of its
ending is achieved. This simple problem formulation may be modified in several ways.
The manipulator can have a more complicated geometry than a simple chain of linear
segments. For example a tree–like structure can be used to represent a hand with the
movement of each finger simulated individually. It is also possible, that segments of
the manipulator are described by a different set of parameters, for example segments
may bend or stretch. Another modification is the introduction of obstacles. Shape of the
obstacles may vary from simple blocks to sophisticated labyrinths.
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E. Corchado et al. (Eds.): HAIS 2012, Part I, LNCS 7208, pp. 610–621, 2012.
c© Springer-Verlag Berlin Heidelberg 2012



Dynamic Evolutionary Algorithms for Inverse Kinematics Problems 611

Although the classic Inverse Kinematics problem can be solved by some classic ana-
lytical methods, more advanced version of the problem, e.g. with additional constraints
or obstacles, require more efficient algorithms. There are a number of evolutionary al-
gorithms applied to various versions of the classic Inverse Kinematics problem.

In this paper we use the evolutionary approach in order to solve an Inverse Kinemat-
ics problem with an articulated arm and dynamic obstacles and target point. A mod-
ification of the Infeasibility Driven Evolutionary Algorithm (IDEA) [15,16] seems to
be particularly useful for this problem, because many solutions which collide with ob-
stacles while infeasible in physical world may constitute useful approximations of a
feasible solution. Because of the assumption that obstacles and the goal are dynamic
we employ a prediction mechanism based on the ARIMA model [4] to improve algo-
rithm performance.

This paper is structured as follows: in Section 2 a formal problem definition is given.
Section 3 presents some classical approaches to various Inverse Kinematics problems.
Section 4 introduces a detailed description of the proposed evolutionary algorithm with
a prediction mechanism. In section 5 the experimental setup is described and the results
of experiments are presented. Section 6 concludes the paper.

2 Problem Definition

There is a broad range of Inverse Kinematics problems with their own slightly different
formal definitions.

In this paper we focus on a problem with an articulated manipulator (like robotic
arm) in the shape of a chain of any number M of fixed–length linear segments. The
problem is to find angles at all joints of such a manipulator given a starting position and
a desired position of its ending. The manipulator has one fixed starting point S and its
shape is determined by a set of line segment lengths l1, . . . , lM . The objective is to reach
a target point O. Given the fixed coordinates of the starting point S the position of the
manipulator can be described by a set of numbers α1, . . . , αM which represent angles
at which manipulator segments are positioned. There are two possible interpretations of
these numbers: as absolute or as relative angles. In this paper we treat the numbers as
relative angles, so the actual angle of k − th manipulator segment is

∑k
0 αk, where α0

is an arbitrarily chosen initial angle (we chose α0 = π/2 - the direction straight along
Y axis). In the environment in which the manipulator operates a number of obstacles
are introduced.

The problem that we approach in this paper is dynamic which means that the obsta-
cles move and the target point may also change its location. The motion of the obstacles
may be linear or circular with varying values of velocity and period.

3 Classical Approach

There exists a broad range of solutions that address many variants of the Inverse Kine-
matics problem upon which the Cyclic Coordinate Descent (CCD) [7] and the Jacobian–
based methods [2,19] are considered nearly canonical. Performance of CCD, though, is
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limited by the fact that it optimizes each joint separately. What is more, neither of the
two methods allows for incorporating constraints.

Some numerical methods were introduced in [9,10] however they tend to fall into
local optima in more complex tasks. Universal and rapid solutions that can address
various static constrained Inverse Kinematics problems using Genetic Algorithms and
Niching Techniques were also presented in [12,13,17].

One ubiquitous disadvantage of many evolutionary methods lies in their low reac-
tivity to changes in dynamic environment. On the other hand, analytical methods can
typically be applied only to special cases of Inverse Kinematics and strictly depend on
precise analytical model that is usually difficult to construct in real–life problems.

Many recent developments in artificial intelligence systems reveal that applying
hybrid techniques gives promising results in difficult computational problems [5,6,8]
by employing various additional tools, e.g. learning machines [1], neural networks [14],
and/or statistical methods (as it is proposed in this paper).

4 Evolutionary Algorithm with Prediction

The algorithm used in this paper is based on the Infeasibility Driven Evolutionary Algo-
rithm (IDEA) [15,16] that is well–fitted to some dynamic problems. IDEA increases the
reactivity to changes by maintaining in population a fraction of infeasible individuals
with the highest fitness value. Let PSize be the size of a population and 0 < α � 1 be
the rate of infeasible solutions which means there are �αPSize� infeasible individuals
kept in population.

An evaluation function and constraint functions (i.e. functions counting the number
of crossings with obstacles) are tested for changes at each t-th time step where t =
2, . . . , NG. If any such change is detected, a whole population Pt−1 is re-evaluated.

Evolutionary operators are enclosed in the Sub-evolve function which comprises of
NG′ iterations of crossover and mutation. Being invoked with an argument Pt−1 as
an initial population Sub-evolve function returns the resulting population Ct−1 of sub-
evolution unioned with Pt−1 then reduced to the fractions of �(1 − α)PSize� feasible
and �αPSize� infeasible individuals both with the highest fitness value.

Algorithm 1 presents the evolutionary framework using IDEA for dynamic optimiza-
tion problems proposed in [16].

4.1 Prediction Mechanism

The modification suggested in this paper integrates original IDEA with a prediction
model in the following manner. In each iteration t ≥ HStart an additional hidden
population Ht+1 of the size PSize is initialized randomly then evaluated, sub-evolved
and reduced as described above. However, instead of proper values of an evaluation
function at the current time step t predictions of corresponding values at t+1 are used.
Later on, at the beginning of the next iteration, an additional hidden populationHt is re-
evaluated according to the actual evaluation function that is known at the moment. After
that, the population Pt−1 is unioned with Ht and reduced back to PSize individuals in
the same manner as described above, i.e. including �αPSize� best infeasible solutions.
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Algorithm 1. Evolutionary framework for Inverse Kinematics problem where PSize =
population size, NGen = number of generations

P1 = InitPopulation()
Evaluate(P1)
for t = 2 → NGen do

if the function has changed then
Evaluate(Pt−1)

end if
Ct−1 = Sub-evolve(Pt−1)
Evaluate(Ct−1)
Pt = Reduce(Pt−1 + Ct−1)

end for

As a prediction model ARIMA(p, d, q) [4] is used in order to forecast changes in the
location of obstacles and/or target point because this is the factor that implicitly influ-
ence the values of evalution function. Previous positions of such dynamic objects of
environment are collected in time series. Their new current coordinates are stored each
time a change of location is detected. As a consequence, a predicted state of environ-
ment for time step t + 1 can be estimated at time step t then used for the evaluation of
a hidden population.

Algorithm 2. Evolutionary framework for Inverse Kinematics problem with a predic-
tion model where PSize = population size, NGen = number of generations and HStart

is the number of iteration at which the prediction begins.
P1 = InitPopulation()
Evaluate(P1)
for t = 2 → NGen do

if the function has changed then
Evaluate(Pt−1)
if t− 1 ≥ HStart then

Evaluate(Ht)
Pt−1 = Reduce(Pt−1 +Ht)

end if
end if
Ct−1 = Sub-evolve(Pt−1)
Evaluate(Ct−1)
Pt = Reduce(Pt−1 + Ct−1)
if t ≥ HStart then

Ht = InitPopulation()
PredictionEvaluate(Ht)
Dt = PredictionSub-evolve(Ht)
Ht+1 = Reduce(Ht +Dt)

end if
end for
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Fig. 1. Evaluation of an individual in the case of (a) one obstacle ahead, (b) three obstacles ahead

Algorithm 2 presents the framework of the described process in a form of pseu-
docode. For simplicity, the proposed algorithm with ARIMA prediction model will be
referred to as IDEA-ARIMA for the remainder of this paper.

4.2 Evaluation Function

Each individual in populations Pt or Ht is represented by the following sequence of
angles

(α1, . . . , αM ) ∈ [A1, B1]× [A2, B2]× . . .× [AM , BM ], (1)

where 0 ≤ Ai < Bi ≤ 2π determines the lower and the upper bounds (respectively) of
the angle range of i-th manipulator’s segment for i = 1, . . . ,M .

The evaluation of an individual is equal to Euclidean distance between the end of the
last (i.e. M -th) segment of a manipulator and the target point O providing there are no
obstacles crossed by the line between them.

If there is one obstacle crossed by this line, the convex hull of the obstacle is com-
puted. In this case, two ways to pass by the obstacle emerge, i.e. by following the
clockwise (δR) or the counterclockwise direction (δL). As a result, the shorter path of
these two is selected. In the example depicted in Figure 1(a) the distance between the
end–effector and the target point is split into two segments of the lengths d1, d2 and
two possible paths of the lengths δL, δR. The evaluation equals d1 + δL + d2, because
clearly δL < δR.

In the case when more than one obstacle is crossed by the mentioned line, all obsta-
cles are sorted according to distances between them and the end of the last segment of
a manipulator. Then, consecutive obstacles are treated separately as described above.
Figure 1(b) presents such case. Here, the distance is split into segments of the lengths
d1, d2, d3, d4 and paths of the lengths δL1 , δ

R
1 , δ

L
2 , δ

R
2 , δ

L
3 , δ

R
3 hence the evaluation is

d1 + δL1 + d2 + δR2 + d3 + δL3 + d4. Note that the evaluation function defined in this
manner rewards passing by the obstacles rather than greedily searching for the shortest
Euclidean distance to the target as it would completely ignore the presence of obstacles.
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Individuals coding manipulators that cross an obstacle in at least one point are con-
sidered infeasible. A number of such crossings defines the order among infeasible
solutions, i.e. the greater number of crossings, the more infeasible the solution.

5 Experiments

The proposed algorithm was tested on three types of benchmark problems described
below. In each problem, the aim was to find a pose of manipulator that minimizes the
distance (measured in the manner that was presented in Section 4) between its last
segment and the target point O ∈ R2 without crossing any obstacles. For simplicity, all
feasible ranges of angles αi (i = 1, . . . ,M ) were set to [0, 2π].

Obstacles and/or target point were able to change their locations in time. For any
given point (x, y) ∈ R2 of such dynamic elements the position of it at time step t,
namely (xt, yt), was calculated using the following predefined motion function

R2 × {1, . . . , τ}  t �−→ φ(x, y, t) = (xt, yt). (2)

Crossover and mutation probability were set to 0.9 and 0.1 respectively in both IDEA
and IDEA-ARIMA. The fraction of infeasible yet promising individuals formed 20%
of the population at all time steps.

Parameters of ARIMA prediction model were set to (1, 1, 1) as it resulted in optimal
forecasting accuracy for examined problems. First HStart = 16 iterations of any run
of IDEA-ARIMA were dedicated only for collecting information about locations of
obstacles for the sake of further predictions. These initial iterations were not taken into
account in either of statistics presented in this section since observable results of both
algorithms do not differ within this time period.

5.1 Benchmark I

Shape and alignment of obstacles including the way their locations change in time is
depicted in Figure 3. Point S ∈ R2 represents the fixed location of a manipulator. The
distance d between S and the target point O was set to 4. The manipulator itself was
built out of M = 4 joints of the length l = 2. The test procedure lasted for τ = 16
iterations (excluding HStart) during which the three obstacles (marked as light-gray
rectangles in Figure 3) where moving from left to right and vice versa in one of the two
following manners:

(a) uniform – with the motion function φ(x, y, t) = (x + ω(t), y) where (x, y) ∈ R2

and ω(t) defined as follows

ω(t) =

⎧⎨⎩−4ηt/τ t ∈ [0, τ/4) ∩ Z,
4ηt/τ − 2η t ∈ [τ/4, 3τ/4) ∩ Z,
−4ηt/τ + 4η t ∈ [3τ/4, τ ] ∩ Z

(3)

for a given amplitude η > 0. It is worth mentioning that such ω(.) is a discretization
of the function depicted in Figure 2.
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Fig. 2. Uniform motion function used in Benchmark I

(b) sinusoidal – with the motion function defined as

φ(x, y, t) =

(
x+ η sin

(
2πt

τ

)
, y

)
, (4)

where (x, y) ∈ R2, t = 1, . . . , τ, η > 0.

Table 1 presents the summary of results for 10 runs of IDEA and IDEA-ARIMA with
population sizes (pop) 20, 50, 100 and 10, 20 sub-EA steps (sub) and motion amplitude
η = 2.5. For each combination of pop and sub the three following values are presented:

1. mean – mean value of best feasible solutions found by given algorithm at each time
step t = 1, . . . , 10 · τ ,

2. wins – percent of time steps t when the best feasible solution found by given algo-
rithm was better than the corresponding one found by the other algorithm,

3. Δ < 0.5 – percent of time steps t when the best feasible solution found by given al-
gorithm was worse than the corresponding one found by the other algorithm but not
worse than 0.5 (i.e. solution that is still satisfying one though not the best found).

Note that IDEA wins and IDEA-ARIMA wins do not always sum up to 100% (es-
pecially in cases where population size was relatively low). It is because none of the
algorithms was able to find a feasible solution in some iterations.

As it is clearly seen, IDEA-ARIMA outperforms IDEA in all presented cases. The
Student’s t-test performed on each combination of population size and sub-EA steps
used within the experiment revealed the superiority of IDEA-ARIMA at the significance
level α < 0.01. Additionally, values in column Δ < 0.5 (fraction of still satisfying but
not the best solutions found) show that the number of remaining time steps when IDEA-
ARIMA performs rather poorly is relatively small.

time

O 

S 

d 

O 

S 

O 

S 

Fig. 3. Illustration of the movement of obstacles in Benchmark I. On each frame point S rep-
resents the location of a manipulator while O is the target point. The distance d between these
points was set to 4.
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Table 1. Summary of results for Benchmark I after 10 runs of IDEA and IDEA-ARIMA with
population sizes 20, 50, 100 and 10, 20 sub-EA steps

uniform motion function
IDEA IDEA-ARIMA

pop sub mean wins Δ < 0.5 mean wins Δ < 0.5

20 10 7.0954 28% 13% 1.4139 71% 17%
50 10 0.7419 29% 23% 0.3128 71% 21%

100 10 0.4841 29% 51% 0.1745 71% 24%
20 20 1.6240 38% 30% 0.4937 61% 23%
50 20 1.1384 30% 44% 0.1729 68% 23%

100 20 0.2537 24% 60% 0.0727 76% 21%

sinusoidal motion function
IDEA IDEA-ARIMA

pop sub mean wins Δ < 0.5 mean wins Δ < 0.5

20 10 1.6738 34% 13% 0.5580 64% 12%
50 10 1.1252 31% 27% 0.1586 66% 18%

100 10 0.9452 30% 32% 0.0565 70% 26%
20 20 1.4262 34% 25% 0.3199 65% 16%
50 20 1.0245 28% 40% 0.0649 73% 20%

100 20 1.3396 15% 51% 0.0156 85% 14%

Table 2. Summary of results for Benchmark II after 10 runs of IDEA and IDEA-ARIMA with
population sizes 20, 50, 100 and 10, 20 sub-EA steps

IDEA IDEA-ARIMA
pop sub mean wins Δ < 0.5 mean wins Δ < 0.5

20 10 3.1932 23% 26% 2.2538 77% 12%
50 10 2.9021 23% 20% 1.3467 77% 21%

100 10 2.9346 17% 16% 1.1059 83% 10%
20 20 2.4268 49% 21% 2.3896 51% 21%
50 20 2.1339 34% 34% 1.6165 66% 20%

100 20 2.1130 23% 25% 0.7715 77% 18%

It is visible in Table 1 (as it was expected) that effectiveness of both evolutionary
algorithms usually grows with the increase of population size and number of iterations.
On the other hand, the dynamic character of the presented benchmark problem reveals
that there are time steps when the target point is quite easy to reach by the manipu-
lator and other ones when obstacles are extremely hard to avoid. This is why it was
impossible to cross the certain level of wins despite increasing parameters of algorithm.

5.2 Benchmark II

Figure 4 depicts the dynamics of Benchmark II. Two vertices of obstacle change their
locations by moving outwards for the first τ/2 time steps and inwards for another τ/2
time steps as the arrows indicate.
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Fig. 4. Illustration of the movement of obstacles in Benchmark II. On each frame point S rep-
resents the location of a manipulator while O is the target point. The distance d between these
points was set to 9.
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Fig. 5. Illustration of sigmoid-circular movement of obstacles in Benchmark III. On each frame
point S represents the location of a manipulator while O is the target point. The distance d
between these points was set to 5.

The parameters were set as follows: number of joints M = 7, length of joints l = 2,
number of time steps τ = 16, distance to target point d = 9 and sinusoidal motion
amplitude η = 1.

The use of evaluation function described in Section 4 plays an important role in
this benchmark problem because the obstacle is a concave figure. The shape of the
obstacle is designed to have a local optimum very near pointO in the terms of Euclidean
distance.

Table 2 summarizes the results of 10 runs of both algorithms. IDEA-ARIMA clearly
outperforms IDEA. The Student’s t-test revealed the statistical significance (at the level
α < 0.01) in all cases except for pop = 20, sub = 20. Apparently, it is caused by the
higher level of difficulty of this problem.
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5.3 Benchmark III

Unlike Benchmarks I and II where obstacles were moving and target point O was static,
in this case both obstacles and target point are circulating around point
S = (xS , yS) ∈ R2 where manipulator is located. Let for all (x, y) ∈ R2 and t =
1, . . . , τ motion function be defined as φ(x, y, t) = (xt, yt) where

xt = (x− xS) cosβ(t) + (y − yS) sinβ(t) + xS , (5)

yt = (x− xS) sinβ(t) + (y − yS) cosβ(t) + yS . (6)

Two variants of β(t) defined in time domain determine two motion functions con-
sidered in this benchmark problem:

(a) for uniform-circular motion function defined as

β(t) =
2πt

τ
, t = 1, . . . , τ, (7)

(b) for sigmoid-circular motion function defined as

β(t) =
2π

1 + exp(−6 + 12t
τ )

, t = 1, . . . , τ. (8)

Figure 5 presents the environment (i.e. shape and alignment of obstacles, location of
manipulator and target point) and illustrates sigmoid-circular motion of objects.

Table 3 summarizes the results of 10 runs of IDEA and IDEA-ARIMA with param-
eters: number of joints M = 4, length of joints l = 2, number of time steps τ = 32,
distance to target point d = 5. The use of IDEA gave satisfactory results in less then
60% of time steps. IDEA-ARIMA noted wins around twice as often than IDEA and
produced satisfactory results in almost all time steps in this benchmark. The Student’s
t-test revealed the statistical significance (at the level α < 0.01) in all examined cases.

6 Conclusions

In this paper an extension of the Infeasibility Driven Evolutionary Algorithm (IDEA)
with a prediction mechanism based on ARIMA model is proposed for solving dynamic
constrained Inverse Kinematics problem of reaching target point with M -segmented
manipulator.

Experiments performed on a few dynamic benchmark problems revealed that IDEA-
ARIMA outperforms IDEA in all examined cases by producing satisfactory results in
almost all time steps, which proves that the prediction of the dynamic objective func-
tion may lead to better results. However, further studies are necessary to examine the
relevance of prediction in more random environments.

This paper shows that ARIMA–based prediction delivers promising results when
applied to some dynamic constrained Inverse Kinematics problems that can occur in
real–life robotics applications.
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Table 3. Summary of results for Benchmark III after 10 runs of IDEA and IDEA-ARIMA with
population sizes 20, 50, 100 and 10, 20 sub-EA steps

uniform-circular motion function
IDEA IDEA-ARIMA

pop sub mean wins Δ < 0.5 mean wins Δ < 0.5

20 10 1.9126 26% 9% 0.9376 67% 8%
50 10 1.0658 29% 11% 0.4296 68% 11%

100 10 0.6066 28% 20% 0.1836 71% 8%
20 20 1.0224 31% 31% 0.5842 67% 15%
50 20 0.6549 25% 28% 0.1201 69% 19%

100 20 0.8457 23% 48% 0.0591 71% 20%

sigmoid-circular motion function
IDEA IDEA-ARIMA

pop sub mean wins Δ < 0.5 mean wins Δ < 0.5

20 10 1.6738 18% 18% 0.5580 67% 12%
50 10 1.1252 23% 30% 0.1586 73% 20%

100 10 0.9452 25% 36% 0.0565 70% 24%
20 20 1.4262 26% 22% 0.3199 57% 20%
50 20 1.0245 20% 37% 0.0649 71% 18%

100 20 1.3396 24% 32% 0.0156 70% 23%
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7. Fêdor, M.: Application of inverse kinematics for skeleton manipulation in real-time. In: Pro-
ceedings of the 19th Spring Conference on Computer Graphics, pp. 203–212. ACM (2003)

8. Garca, S., Fernndez, A., Luengo, J., Herrera, F.: Advanced nonparametric tests for multiple
comparisons in the design of experiments in computational intelligence and data mining:
Experimental analysis of power. Information Sciences 180(10), 2044–2064 (2010)

9. Goldenberg, A.A., Benhabib, B., Fenton, G.: A complete generalized solution to the inverse
kinematics of robots. IEEE Journal of Robotics and Automation RA-1(1) (1985)

10. Goldenberg, A.A., Lawrence, D.L.: A generalized solution to the inverse kinematics of robot
manipulators. ASME Journal of Dynamic Systems, Measurement, and Control 107, 103–106
(1985)



Dynamic Evolutionary Algorithms for Inverse Kinematics Problems 621

11. Hatzakis, I., Wallace, D.: Dynamic multi-objective optimization with evolutionary algo-
rithms: a forward-looking approach. In: Proceedings of the GECCO 2006, pp. 1201–1208.
ACM (2006)

12. Karla, P., Mahapatra, P.B., Aggarwal, D.K.: On the solution of multimodal robot inverse kine-
matics function using real-coded genetic algorithms. In: Proceedings of IEEE International
Conference on Systems, Man and Cybernetics, vol. 2, pp. 1840–1845 (2003)

13. Karla, P., Mahapatra, P.B., Aggarwal, D.K.: On the comparison of niching strategies for
finding the solution of multimodal robot inverse kinematics. In: Proceedings of IEEE Inter-
national Conference on Systems, Man and Cybernetics, vol. 6, pp. 5356–5361 (2004)

14. Pedrycz, W., Aliev, R.: Logic-oriented neural networks for fuzzy neurocomputing. Neuro-
computing 73(1-3), 10–23 (2009)

15. Singh, H.K., Isaacs, A., Tapabrata, R.: Infeasibility Driven Evolutionary Algorithm (IDEA)
for engineering design optimization. In: Proceedings of the 21st Australasian Joint Confer-
ence on Artificial Intelligence: Advances in Artificial Intelligence, pp. 104–115 (2008)

16. Singh, H.K., Isaacs, A., Nguyen, T.T., Ray, T., Yao, X.: Performance of infeasibility driven
evolutionary algorithm (IDEA) on constrained dynamic single objective optimization prob-
lems. In: Proceedings of IEEE Congress on Evolutionary Computation, CEC 2009, pp. 3127–
3134 (2009)

17. Tabandeh, S., Clark, C., Melek, W.: A genetic algorithm approach to solve for multiple so-
lutions of inverse kinematics using adaptive niching and clustering. In: Proceedings of IEEE
Congress on Evolutionary Computation, CEC 2006, pp. 1815–1822 (2006)

18. Wilfong, G.: Motion planning in the presence of movable obstacles. In: Proceedings of ACM
Symposium on Computational Geometry, pp. 279–288 (1988)

19. Wolovich, W.A., Elliot, H.: A computational technique for inverse kinematics. In: Proceed-
ings of 23rd IEEE Conference on Decision and Control, pp. 1359–1363 (1984)

20. Zhou, A., Jin, Y., Zhang, Q., Sendhoff, B., Tsang, E.: Prediction-Based Population Re-
initialization for Evolutionary Dynamic Multi-objective Optimization. In: Obayashi, S., Deb,
K., Poloni, C., Hiroyasu, T., Murata, T. (eds.) EMO 2007. LNCS, vol. 4403, pp. 832–846.
Springer, Heidelberg (2007)



Non-linear Data Stream Compression:

Foundations and Theoretical Results

Alfredo Cuzzocrea and Hendrik Decker

1 ICAR-CNR and University of Calabria, I-87036 Cosenza, Italy
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Abstract. In this paper, we provide foundations and theoretical results
of a novel paradigm for supporting data stream miming algorithms effec-
tively and efficiently, the so-called non-linear data stream compression
model. Particularly, the proposed model falls in that class of data stream
mining applications where interesting knowledge is extracted via suitable
collections of OLAP queries from data streams, being latter ones base-
line operations of complex knowledge discovery tasks over data streams
implemented by ad-hoc data stream mining algorithms. Here, a fortu-
nate line of research consists in admitting approximate, i.e. compressed,
representation models and query/mining results at the benefit of a more
efficient and faster computation. On top of this main assumption, the
proposed non-linear data stream compression model pursues the idea of
maintaining a lower degree of approximation (thus, as a consequence,
a higher query error) for aggregate information on those data stream
readings related to interesting events, and, by contrast, a higher degree
of approximation (thus, as a consequence, a lower query error) for aggre-
gate information on other data stream readings, i.e. readings not related
to any particular event, or related to low-interesting events.

Keywords: Theoretical foundations of data stream processing; non-
linear data stream compression.

1 Introduction

Data stream mining algorithms aim at discovery interesting knowledge from
multi-rate rapidly-evolving streams by means of clustering [21], classification
(e.g., [1]), decision trees (e.g., [15]), OLAM (e.g., [10]), and so forth. Contrary to
traditional knowledge discovery methodologies on static data, mining algorithms
on data streams cannot take advantages from multi-scan routines allowed to run
on the entire data set, and, as a consequence, applying conventional mining
algorithms over evolving data like streams results to be of limited efficacy and
efficiency in real-life application scenarios. Therefore, it turns out more and more
the crucial relevance of efficiently representing and querying data streams, being
latter ones baseline operations of complex knowledge discovery tasks over data
streams implemented by ad-hoc data stream mining algorithms.
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A well-recognized solution to issues above consists in admitting approximate
representation models and query/mining results at the benefit of a more efficient
and faster computation [9]. This main intuition, which has been inherited from
similar research experiences in the context of approximate query answering on
large databases and data cubes [3], has caused the proliferation of a number of
proposals focusing on synopsis data structures for data streams [9]. The idea
beyond these research initiatives is quite simple, yet effective. Since the stream
is potentially unbounded, devise methodologies (and related data structures)
able to summarize the incoming stream within the actual time window in order
to finally make the capabilities of advanced analysis/mining tools over data
streams more effective and efficient. Obviously, retrieved analysis/mining results
are approximate in nature, due to an unavoidable information loss. Despite this,
it is clearly understood that for many data stream application scenarios (e.g.,
analysis of sensor network data [4], mining of frequent patterns over data streams
[23], RFID processing tools [6] etc) precision is not a tight requirement, and
trend analysis naturally suffices to the desired (analysis) goals. Among successful
synopsis data structures for data streams proposals of the literature, we recall:
sampling (e.g., [28,5]), histograms (e.g., [20,17]), wavelets [18], sketches (e.g.,
[16,14,26]), quantile (e.g., [19]) and frequency moments (e.g., [25]).

In line with this research, an innovative approximate query answering tech-
nique is proposed in [12]. This technique introduces a particular representation
model for collected data stream readings in terms of a list of OLAP-like com-
pressed two-dimensional arrays. According to this representation model, for each
array one dimension is defined on the stream domain and the other dimension
on the temporal domain, respectively. Each two-dimensional array is computed
over a fixed time window, and stores aggregate information useful to efficiently
answer range-SUM queries [22], a noticeable class of OLAP queries, over the
stream-source/time range it refers. Particularly, not only the previous class of
OLAP queries, also called Window Queries (WQ) [12], can be answered, but
the so-called Continuous Queries (CQ) [2], which take as input a data stream
and, fixed the desired range of interest, return as output a stream of SUM-based
answers, can even be answered efficiently. Then, upon each array, a quad-tree
[27] is hierarchically built by means of progressively aggregating summarized
readings, in a bottom-up manner. This leads to the definition of the so-called
Quad-Tree Window (QTW ), whose data domain at the lowest aggregation level
corresponds to the underlying two-dimensional array. Also, to gain efficiency dur-
ing data management and query evaluation, the collection of QTW is indexed
by means of a high-efficient B-tree indexing structure. The resulting whole data
structure is called Multi-Resolution Data stream Summary (MRDS), and it is
particularly suitable to answer range-SUM queries over compressed data streams
in an OLAP-like multi-resolution manner at a provable query error [12]. Efficient
algorithms for progressively compressing the MRDS under a given storage space
bound B as time passes and new readings arrive are presented in [12], along with
models and algorithms for efficiently evaluating approximate range-SUM queries
over (compressed) data streams.
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The basic assumption of data stream compression algorithms presented in
[12] relies on the idea of progressively compressing the data structure via erasing
nodes of the “oldest” QTW in order to obtain free space to be exploited for
representing incoming arrivals within nodes of “new” QTW . This is a quite rea-
sonable compression strategy, as for several data stream processing application
scenarios the most recent information is more important than old information.
Overall, the compression model presented in [12] introduces what we call as the
linear data stream compression model. [13] is a significant extension of [12] to
the context of Grid Computing; here, algorithms of [12] are specialized to this
computational environment in order to gain performance. Despite this, there
exist several classes of data stream application scenarios for which this model
fails. Specifically, the idea of removing old data in favor of new data is not
suitable for all those application scenarios in which sporadic interesting events,
although expired, can still be relevant for knowledge discovery tasks over data
streams. Therefore, in [11] we assert that the linear compression model must
be adequately improved via embedding the amenity of achieving the so-called
non-linear data stream compression model. This model pursues the idea of main-
taining a lower degree of approximation (thus, as a consequence, a higher query
error) for aggregate information on those data stream readings related to in-
teresting events, and, by contrast, a higher degree of approximation (thus, as
a consequence, a lower query error) for aggregate information on other data
stream readings, i.e. readings not related to any particular event, or related to
low-interesting events. At least, if some events are particularly significant for the
specific application scenario considered, one can also decide to maintain those
portions of aggregate information related to the corresponding readings uncom-
pressed. Overall, the above-described strategy defines an adaptive data stream
compression approach [11].

While in [11] we proposed the general non-linear data stream compression
framework, in this paper we propose theoretical foundations and results coming
from the framework [11], also based on hybrid artificial intelligent paradigms
(e.g., [7]). In particular, the general framework [11] and the results presented in
this paper fail in the hybrid artificial intelligent research area as they combine
the data stream compression paradigm with the event-processing paradigm.

2 Foundations of Non-linear Data Stream Compression

This Section focuses on the foundations of the non-linear data stream com-
pression paradigm. Under the non-linear compression scheme, the MRDS is
compressed in dependence on a given degree of approximation δ and the storage
space B′ to be released in order to represent new arrivals , such that B′ < B,
B denoting the input storage space bound available to house the whole MRDS.
With respect to the linear compression model, here the novelty relies in the
fact that the degree of approximation δ must be now considered along with B′

simultaneously. In more detail, the non-linear compression process aims at finally
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achieving a compressed MRDS such that aggregate information expose a degree
of approximation which is at least equal to δ, having released the required storage
space B′.

In order to retrieve the degree of approximation δ, readings are elaborated
within semantic windows with the aim of adequately capturing the degree of
interestingness of events and, in consequence of this, producing in output appro-
priate values of the parameter δ. The way of defining and handling the relation
between interesting events and δ strongly depends on the particular data stream
application scenario, and hence it must be determined and characterized accord-
ingly during the start-up phase of the target data stream application/system by
the system administrator on the basis of his/her knowledge about the specific
(data stream) application domain. As a consequence, defining and handling the
relation between interesting events and δ plays a critical role for modern data
stream applications and systems, and must be considered carefully. This crit-
ical task is related to the definition of semantic windows [24], and, as a con-
sequence, it should be accomplished separately in a transparent-for-the-data-
stream-processing-layer (implemented by the MRDS) manner. For this reason,
δ must be considered as a free parameter , and must be contextualized to the
particular (data stream application) instance. It should be noted that, with re-
spect to the specific issue of handling the parameter δ, this amenity introduces
a meaningful separation abstraction between the data stream processing layer
(i.e., MRDS) and the external event processing layer.

Events occurring in the target data stream are continuously collected and
recorded, by also automatically annotating their degree of interestingness. As
a consequence, the whole temporal dimension of the MRDS is annotated by
means of tuples of the following kind:

�k = 〈Ek, tEk,start, tEk,end, δk〉 (1)

such that: (i) Ek denotes the actual event; (ii) tEk,start denotes the starting
timestamp in which the event Ek occurred; (iii) tEk,end denotes the ending
timestamp in which the event Ek expired; (iv) δk is the degree of approxi-
mation required for the compression of aggregate values related to readings
Ek is associated to. Furthermore, without any loss of generality, we denote
as 〈[S0 : SN−1], [tEk,start : tEk,end]〉 the portion of aggregate values related
to readings Ek is associated to, and as QTWEk

the QTW built on top of
〈[S0 : SN−1], [tEk,start : tEk,end]〉.

δk can be reasonably expressed as a percentage value, whose semantics is as
follows:

– δk = 100%: this value of δ means that the portion of aggregate values
〈[S0 : SN−1], [tEk,start : tEk,end]〉 must be maintained uncompressed (in other
words, Ek is an event of particular relevance for the actual data stream ap-
plication scenario) – this value of δ does not originate any compression in
QTWEk

;
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– δk = 0%: this value of δ means that the portion of aggregate values 〈[S0 :
SN−1], [tEk,start : tEk,end]〉 is not critical for the analysis goals of the specific
knowledge-discovery/mining tasks over the target data stream considered,
and hence it can be completely removed by saving the whole aggregate value
it represents in a singleton node (in other words, Ek is an event of no rel-
evance for the actual data stream application scenario) – this value of δ
originates a full compression of QTWEk

;
– δk ∈]0, 100[%: this value of δ means that the portion of aggregate values
〈[S0 : SN−1], [tEk,start : tEk,end]〉 have to be compressed depending on δk
(in other words, Ek is an event of intermediate relevance for the actual data
stream application scenario) – this value of δ originates a partial compression
of QTWEk

.

The scheme above and its semantics finally determine an event-based compres-
sion of the MRDS, i.e. a compression that is driven by the degree of inter-
estingness and the relevance of events occurring in the target data stream. As
highlighted in Section 2, recall that compression tasks above (triggered by dif-
ferent δ values) involve QTWEk

locally, but they must be performed under the
global goal of accomplishing the main requirement of the compression process,
i.e. releasing the storage space B′ needed to represent new arrivals. Just to give
an insight, given a portion of aggregate values 〈[S0 : SN−1], [tEk,start : tEk,end]〉
for which the required degree of approximation is δk = 0%, it could be the case
that the deriving compression task still does not cause a full compression of
QTWEk

, as the desired storage space B′ could be released before the limit con-
dition represented by δk = 0% is reached on QTWEk

, due to (partial) amounts
of storage space released by the compression of other portions of aggregate val-
ues of the MRDS different from 〈[S0 : SN−1], [tEk,start : tEk,end]〉. This finally
originates in QTWEk

a degree of approximation δk > 0% that is still compliant
with the main requirement of the compression process , i.e. releasing the storage
space B′. Overall, the paradigm above delineates a best-effort strategy.

3 Formal Models and Theoretical Results

In this Section, we focus the attention on specific properties and theoretical re-
sults of non-linear data stream compression. Properties and theoretical results
discussed here derive from studying approximate query answering techniques
over (event-based) compressed data streams in great detail. This stage will con-
stitute the conceptual basis of the non-linear QTW compression process [11].

From [12], note that, for an uncompressed QTW , δk = 100%, whereas for a
full-compressed QTW , δk = 0%. In the first case (i.e., δk = 100%), retrieved
answers to range-SUM queries issued against such a QTW expose the higher
degree of approximation supported by the current representation of the MRDS
(and, by the contrary, the lower query error due to the approximate evaluation of
range-SUM queries). In the second case (i.e., δk = 0%), the QTW is reduced to
its root node solely, and retrieved answers to range-SUM queries issued against
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such a QTW expose the lower degree of approximation supported by the current
representation of the MRDS (and, by the contrary, the higher query error due to
the approximate evaluation of range-SUM queries). Recall that the query error
is due to the application of classical linear interpolation techniques to the two-
dimensional ranges of stream sources and time corresponding to QTW nodes
involved by input range-SUM queries (see [12]).

A critical question related to the non-linear compression of QTW (and, in
turn, to the non-linear compression of the MRDS) is: How to model the relation
between the degree of approximation δ of the event-based data stream compression
model and the effective compression of a QTW?

In order to answer this question, consider that, given a range-SUM query
Q against a QTW , the accuracy of the approximate answer to Q, Ã(Q), is
mostly due to the contribution of leaf nodes of the QTW [12]. In addition to
this, the less is the aggregation level of summarized stream readings represented
by leaf nodes the more is the accuracy of the approximate answer (see Section
1). This claim is obviously valid for arbitrary queries, which, in the most gen-
eral case, overlap the two-dimensional ranges associated to (involved) nodes of
the QTW (internal as well as leaf nodes – from [12], recall that if a query Q is
perfectly corresponding to the two-dimensional range of a singleton node or a
collection of nodes of the QTW , then the answer to Q, A(Q), is exact). In this
case (i.e., overlapping arbitrary queries), it is completely obvious that QTW

leaf nodes contribute to the approximate answer Ã(Q) by means of exact partial
results (those retrieved from the ranges of stream sources and time they refer

to) hence they do not introduce query error and, instead, tend to make Ã(Q)
accurate, by keeping a direct proportionality with the depth of the QTW level
they belong to (and, by the contrary, an inverse proportionality with the aggre-
gation level of summarized stream readings they represent). It should be noted
that the property above is valid under the common assumption stating that, in
hierarchical/multi-resolution approximate query answering synopsis data struc-
tures (like histograms), the selectivity of input OLAP queries is higher than the
granularity of the lowest aggregation level represented in the structure [8], which
is a proper artifact of synopsis data structures meant to enhance the quality and
the accuracy of approximate answers as more as possible.

To become convinced of the property illustrated above, consider the following
running example. Figure 1 (a) shows a 13× 26 (Δt = 2) two-dimensional range
of stream sources and time, whereas Figure 1 (b) shows the data-oriented rep-
resentation of a QTW built on top of such a range. In addition to this, Figure
2 shows the logical representation of the QTW of Figure 1 (b).

Now, consider Figure 3, where two range-SUM queries, namely Q0 and Q1,
against the two-dimensional range of stream sources and time (Figure 3 (a)) and
the QTW (Figure 3 (b)) of Figure 1, respectively, are depicted.

From Figure 3 and Figure 2, note that Q1 overlaps QTW leaf nodes repre-
senting summarized stream readings at an aggregation level that is lower than
the aggregation level of summarized stream readings represented by QTW leaf
nodes overlapped by Q0. Also, note that the answer to Q0 evaluated against
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Fig. 1. A range-SUM query example over a 13× 26 (Δt = 2) two-dimensional range of
stream sources and time (a) and the data-oriented representation of a QTW built on
top of such a range (b)

Fig. 2. Logical representation of the QTW of Figure 1 (b)

the range of Figure 1 (a) is exact (i.e., A(Q) = 1054), as Q0 is perfectly corre-
sponding to the grid defined on the range, whereas the answer to Q1 evaluated
against the same range is approximate (i.e., Ã(Q1) = 655), as Q1 overlaps the
grid defined on the range (see [12]). When Q0 and Q1 are evaluated the QTW
of Figure 1 (b) (which, in turn, is built on the range of Figure 1 (a)), the follow-

ing approximate values are retrieved: Ã(Q0) = 822.12 and Ã(Q1) = 550.20. In
our formal framework, given a range-SUM query Q against a two-dimensional
range of stream sources and time A, we introduce the Percentage Relative Error
(PRE) ε(Q), defined as follows ([12]):

ε(Q) =
|A(Q)− Ã(Q)|

A(Q)
(2)



Non-linear Data Stream Compression 629

Fig. 3. Range-SUM queries Q0 and Q1 against the two-dimensional range of stream
sources and time (a) and the QTW (b) of Figure 1, respectively

such that A(Q) is the exact answer to Q, i.e. the answer to Q evaluated against

A, and Ã(Q) is the approximate answer to Q, i.e. the answer to Q evaluated
against the QTW built on top of A.

For Ã(Q0), ε(Q0) = 22%, whereas for Ã(Q1), ε(Q0) = 16%, respectively.
It follows that ε(Q1) < ε(Q0). This is due to the fact that Q1 overlaps the
leaf nodes n.2.1.1, n.2.1.2, n.2.1.3, n.2.1.4, n.2.4.1, n.2.4.2, n.2.4.3 and n.2.4.4,
beyond to the leaf nodes n.2.2 and n.2.2 (see Figure 2), whereas Q0 overlaps the
leaf nodes n.1.3, n.1.4, n.2.3, n.3 and n.4 (see Figure 2). Overall, the aggregation
level of leaf nodes overlapped by Q1 is lower than the aggregation level of leaf
nodes overlapped by Q0, and this, in turn, causes that evaluating Q1 introduces
a lower query error than evaluating Q0. This confirms us our main intuition on
the influence of QTW leaf nodes on the accuracy of approximate answers to
range-SUM queries, according to the considerations discussed above.

Let us focus the attention on some properties and theoretical results deriving
from the main intuition above. Given a QTW , it follows that a partial compres-
sion (see Section 2) of the QTW produces a partially-compressed QTW , denoted

by Q̃TW p, having a number of nodes N
Q̃TWp

between the two extreme bounds

represented by the number of nodes of the full-compressed QTW (see Section

2), denoted by Q̃TW f , namely N
Q̃TW f

, and the number of nodes of the uncom-

pressed QTW , denoted by Q̃TWu, namely N
Q̃TWu

, respectively. From this, the

following property holds:

N
Q̃TW f

< N
Q̃TW p

< N
Q̃TWu

(3)

i.e. (from Equation (2)):
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1 < N
Q̃TW p

<

P
˜QTWu∑
k=0

4k (4)

such that P
Q̃TWu

models the depth of Q̃TWu.

From this theorem, another interesting theorem can be derived. Some concepts
and definitions are necessary before enunciating this new theorem. Given a range-
SUM query Q and a QTW , we introduce the concept of degree of approximation
of Q over the QTW , denoted by δQTW (Q), which is defined as follows:

δQTW (Q) ≈ Ψ · 1

ε(Q)
(5)

such that Ψ is a function that captures the (inversely proportional) dependency
between δQTW (Q) and ε(Q), and ε(Q) is the PRE due to evaluating Q against
the QTW (Equation (2)). Without going into detail, it should be noted that the
definition and the shape of Ψ depend on the nature of queries considered, and
more or less accurate models for Ψ can be devised to this end. In this research,
rather than studying and detailing the nature and characteristics of Ψ , we are
interested in capturing the relation between δQTW (Q) and ε(Q), and we left that
study as future work.

Furthermore, given a QTW and a population of range-SUM queries Q, we
introduce the concept of degree of approximation of Q over the QTW , denoted
by δQTW (Q), which is defined as follows:

δQTW (Q) =
1

|Q| ·
|Q|−1∑
k=0

δQTW (Qk) =
1

|Q| ·
|Q|−1∑
k=0

Ψk

ε(Qk)
(6)

such that: Ψk models a function capturing the dependency between δQTW (Qk)
and ε(Qk) for Qk ∈ Q over the QTW (note that, in the most general case, a
different Ψk for each query Qk exists), and |Q| models the cardinality of Q.

Now, let us focus on the last theorem mentioned above. Given a partially-

compressed QTW Q̃TWp and a population of range-SUM queries Q, it follows

that the degree of approximation of Q over Q̃TWp, δQ̃TW p

(Q), keeps a linear

dependency on the number of nodes of Q̃TWp, NQ̃TWp

. Formally:

δ
Q̃TW p

(Q) ≈ Φ ·N
Q̃TW p

(7)

such that Φ models a function capturing the linear dependency between
δ
Q̃TW p

(Q) and N
Q̃TW p

.

Theorem (7) plays a critical role in our research, as it can be used as theo-
retical basis for devising simple-yet-effective query optimization schemes for the
evaluation of range-SUM queries against the MRDS, in single-server environ-
ments as well as distributed environments. From theorem (7), two nice corollaries
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complete our theoretical analysis on the influence of QTW nodes on the accuracy
of approximate answers to range-SUM queries.

First corollary states what follows. Given a QTW having NQTW nodes, for
every arbitrary population of range-SUM queriesQ, the following property holds:

lim
NQTW→1

δQTW (Q) = δ
Q̃TW f

(Q) (8)

such that Q̃TW f denotes the full-compressed QTW .
Second corollary states what follows. Given a QTW having NQTW nodes,

for every arbitrary population of range-SUM queries Q, the following property
holds:

lim
NQTW→

∑PQTW
k=0 4k

δQTW (Q) = δ
Q̃TWu

(Q) (9)

such that Q̃TWu denotes the uncompressed QTW and PQTW denotes the depth
of the QTW .

Like theorem (7), both corollaries (8) and (9) are important for query opti-
mization purposes in both single-server and distributed environments, as they
can be used as theoretical basis for finding lower bounds (corollary (8)) and up-
per bound (corollary (9)) to the complexity due to evaluating range-SUM queries
against the MRDS.

4 Refinement of Theoretical Contributions

In this Section, we provide theorems that formally summarize the main theoreti-
cal contributions of this research. Theorem 1 refers to the number of nodes of the
partially-compressedQTW produced by the non-linear data stream compression
framework [11].

Theorem 1. For each partially-compressed QTW Q̃TWp produced by the non-
linear data stream compression framework [11], the following property holds:

1 < N
Q̃TW p

<
∑P

˜QTWu

k=0 4k, such that N
Q̃TW p

denotes the number of nodes of

Q̃TWp, Q̃TWu denotes the uncompressed QTW , and P
Q̃TWu

denotes the depth

of Q̃TWu.

Theorem 2 instead focuses on the linear dependency between the degree of
approximation of populations of range-SUM queries over partially-compressed
QTW produced by the non-linear data stream compression framework [11] and
the number of nodes of the partially-compressed QTW themselves.

Theorem 2. Given a partially-compressed QTW Q̃TW p produced by the non-
linear data stream compression framework [11] and a population of range-SUM

queries Q, the degree of approximation of Q over Q̃TW p, δQ̃TW p

(Q), is linearly
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dependent on the number of nodes of Q̃TW p, N
Q̃TWp

via the function Φ, as

follows: δ
Q̃TW p

(Q) ≈ Φ ·N
Q̃TW p

.

Finally, Corollary 1 and Corollary 2 directly derive from Theorem 2, and pro-
vide further properties on the degree of approximation of populations of range-
SUM queriesQ over partially-compressedQTW produced by the non-linear data
stream compression framework [11].

Corollary 1. Given a partially-compressed QTW Q̃TWp produced by the
non-linear data stream compression framework [11], having N

Q̃TW p

nodes,

and a population of range-SUM queries Q, the following property holds:
limN

˜QTWp
→1 δQ̃TW p

(Q) = δ
Q̃TW f

(Q), such that δ
Q̃TWp

(Q) denotes the degree of

approximation of Q over Q̃TWp, and Q̃TWf denotes the full-compressed QTW .

Corollary 2. Given a partially-compressed QTW Q̃TWp produced by the
non-linear data stream compression framework [11], having N

Q̃TW p

nodes,

and a population of range-SUM queries Q, the following property holds:
lim

N
˜QTWp

→
∑P

˜QTWu
k=0 4k

δ
Q̃TW p

(Q) = δ
Q̃TWu

(Q), such that δ
Q̃TW p

(Q) denotes

the degree of approximation of Q over Q̃TW p, and Q̃TWu denotes the uncom-

pressed QTW , and P
Q̃TWu

denotes the depth of Q̃TWu.

5 Conclusions and Future Work

This paper has provided foundations and theoretical results of the so-called
non-linear data stream compression model, a novel paradigm for supporting
data stream miming algorithms effectively and efficiently. Particularly, the pro-
posed model falls in that class of data stream mining applications where inter-
esting knowledge is extracted via suitable collections of OLAP queries from data
streams, via admitting approximate, i.e. compressed, representation models and
query/mining results at the benefit of a more efficient and faster computation.
Current and future work is mainly going to be oriented towards novel frame-
work modules which will enable us to deal with updates that may occur in the
target data stream. In that case, there is an important question which needs
to be answered: How can non-linearly compressed summarized data be managed
effectively and efficiently? Moreover, we intend to look further into the prob-
lem of optimization schemes for the evaluation of range-SUM queries against
the MRDS in distributed environments, possibly including the use of integrity
constraints.
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Abstract. Qualitative description of the movement of objects can be very im-
portant when there are large quantity of data or incomplete information, such as
in positioning technologies and movement of robots. We present a first step in
the combination of fuzzy qualitative reasoning and quantitative data obtained by
human interaction and external devices as GPS, in order to update and correct
the qualitative information. We consider a Propositional Dynamic Logic which
deals with qualitative velocity and enables us to represent some reasoning tasks
about qualitative properties. The use of logic provides a general framework which
improves the capacity of reasoning. This way, we can infer additional informa-
tion by using axioms and the logic apparatus. In this paper we present sound and
complete relational dual tableau that can be used for verification of validity of
formulas of the logic in question.

Keywords: qualitative reasoning, propositional dynamic logic, relational logics,
hybrid qualitative reasoning.

1 Introduction

Qualitative reasoning, QR, is an area of AI which tries to simulate the way of humans
think in almost all situations. For example, we do not need to know the exact value
of velocity and position of a car in order to drive it. When raising or answering ques-
tions about moving objects, both qualitative and quantitative responses are possible, as
stated in [9]. However, human beings usually prefer to communicate using qualitative
information according to their intuition rather than using quantitative values. Moreover,
representing and reasoning with quantitative information can lead to information over-
load, that is, there is more information to be handled than the one that can be processed.
A form of QR is order of magnitude reasoning, where the values are represented by
different qualitative classes. For example, talking about velocity we may consider slow,
normal, and quick as qualitative classes.

As said in [27], qualitative models can be seen as discrete abstractions of continuous
and hybrid systems and can be fully explored by a verification tool providing conserva-
tive analysis of hybrid systems.
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The use of logic in QR, as in other areas of AI, provides a general framework which
allows us to improve the capacity of solving problems and, as we will see in this paper,
to deal with the reasoning problem. This way, we can infer additional information by
using axioms and the logic apparatus. There are several applications of logics for QR
(see e.g., [2, 10]) and many of them concern spatial reasoning. As an example of logic
for order of magnitude reasoning, see [4]; a theorem prover for one of these logics can
be seen in [16]; and some implementations in [15, 5].

Qualitative description of the movement of objects can be very important when there
are large quantity of data, such as in positioning technologies (GPS, wireless commu-
nication) and movement of robots. In this direction, the concept of qualitative veloc-
ity [11, 28], together with qualitative distance and orientation, could help in order to
represent spatial reasoning.

In a hybrid intelligence system, multiple techniques are used in order to obtain an
efficient solution for a particular problem [7, 8, 14, 23, 1]. In our case, this combina-
tion is made by using qualitative reasoning, fuzzy aspects as in [3], and quantitative
data obtained by human interaction and external devices as GPS, in order to update and
correct the qualitative information. There are recent papers where similar combinations
have been presented. For instance, in [26] a quantitative method is used for analyzing
and comparing trajectories of robots using point distribution models; in [17] a simula-
tor that combines qualitative reasoning, a geographic information system and targeted
probabilistic calculations is presented; and in [31] a mix of qualitative and quantitative
data is used for a hybrid modeling approach is studied.

Some papers [6, 18, 19] are developing the qualitative kinematics models studied
in [13, 21, 12]. The relative movement of one object with respect to another has been
studied by the Region Connection Calculus [24] and the Qualitative Trajectory Calcu-
lus [30,9]. However, as far as we know, the first paper which proposes a logic framework
for qualitative velocity is [3], where a Propositional Dynamic Logic for order of mag-
nitude reasoning to deal with the concept of qualitative velocity is proposed. The main
advantages of this approach are: the possibility of constructing complex relations from
simpler ones; the flexibility for using different levels of granularity; its possible exten-
sion by adding other spatial components, such as position, distance, cardinal directions,
etc.; the use of a language close to programming languages; and, above all, the strong
support of logic in spatial reasoning. Following [11], velocity of an object B with re-
spect to another object A is represented by two components: module and orientation,
each one given by a qualitative class. If we consider a velocity of B with respect to A,
and another velocity of C with respect to B, the composition of these two velocities
consists of obtaining the velocity of C with respect to A. For example, if (Q,l) repre-
sents a quick velocity towards the left orientation of B with respect to A, and (N,r) is a
normal velocity towards the right of C with respect to B, the composition is a velocity
of C with respect to A, that could be either (Q,l) or (N,l), that is, a quick or normal
velocity towards the left orientation. The results of these compositions could depend
on the specific problem we are dealing with. In the following section, we consider the
logic QV where some assumptions about these compositions are posed in its models.

In this paper we present a first step in the construction of an hybrid approach to
deal with qualitative velocity. We show a sound and complete relational dual tableau
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for the Propositional Dynamic Logic of qualitative velocity introduced in [3], which
can be used for verification of validity of its formulas. The system is based on Rasiowa-
Sikorski diagrams for first-order logic [25]. The common language of most of relational
dual tableaux is the logic of binary relations, which is a logical counterpart to the class
RRA of (representable) relation algebras introduced by Tarski in [29]. The formulas of
the classical logic of binary relations are intended to represent statements saying that
two objects are related. Relations are specified in the form of relational terms. Terms
are built from relational variables and/or relational constants with relational operations
of union, intersection, complement, composition, and converse.

Relational dual tableaux are powerful tools for verification of validity as well as for
proving entailment, finite model checking (i.e., verification of truth of a statement in
a particular fixed finite model) and finite satisfaction (i.e., verification that a statement
is satisfied by some fixed objects of a finite model). A comprehensive survey on ap-
plications of dual tableaux methodology to various theories and logics can be found
in [22]. The main advantage of relational methodology is the possibility of representa-
tion within a uniform formalism the three basic components of formal systems: syntax,
semantics, and deduction apparatus. Hence, the relational approach provides a general
framework for representation, investigation and implementation of theories with differ-
ent languages and/or semantics.

The paper is organized as follows. In Section 2 we present the Propositional Dynamic
Logic of qualitative velocity, QV, its syntax and semantics. Relational formalization of
the logic is presented in Section 3. In Section 4 we present the relational dual tableau for
this logic, and we study its soundness and completeness; moreover, we show an example
of the relational proof of validity of a QV-formula. Conclusions and final remarks are
discussed in Section 5.

2 Logic QV for Reasoning with Qualitative Velocity

In this section we present the syntax and semantics of the logic QV for order of magni-
tude qualitative reasoning to deal with the concept of qualitative velocity. We consider
the set of qualitative velocities L1 = {z, v1, v2, v3}, where z, v1, v2, v3 represent zero,
slow, normal, and quick velocity, respectively; and the set of qualitative orientations
L2 = {n, o1, o2, o3, o4} representing none, front, right, back, and left orientations, re-
spectively. Thus, we consider four qualitative classes for the module of the velocities,
and five qualitative classes for the orientation of the velocity. Orientations oj and oj+2,
for j ∈ {1, 2}, are interpreted as opposite. Furthermore, orientations oj and oj+1, for
j ∈ {1, 2, 3}, are interpreted as perpendicular.

The logic QV is an extension of Propositional Dynamic Logic PDL which is a
framework for specification and verification of dynamic properties of systems. It is a
multimodal logic with the modal operations of necessity and possibility determined
by binary relations understood as state transition relations or input-output relations as-
sociated with computer programs. The vocabulary of the language of QV consists of
symbols from the following pairwise disjoint sets: V - a countably infinite set of propo-
sitional variables; C = L1 × L2 - the set of constants representing labels from the
set L1 × L2; SP = {⊗�|� ∈ C} - the set of relational constants representing specific
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programs; {∪, ; , ?,∗ } - the set of relational operations, where ∪ is interpreted as a non-
deterministic choice, ; is interpreted as a sequential composition of programs, ? is the
test operation, and ∗ is interpreted as a nondeterministic iteration; {¬,∨,∧,→, [ ], 〈〉}
- the set of propositional operations of negation, disjunction, conjunction, implication,
necessity, and possibility, respectively.

The set of QV-relational terms interpreted as compound programs and the set of QV-
formulas are the smallest sets containing SP and V∪C, respectively, and satisfying the
following conditions:

– If S and T are QV-relational terms, then so are S ∪ T , S ;T , and T ∗.
– If ϕ is a QV-formula, then ϕ? is a QV-relational term.
– If ϕ and ψ are QV-formulas, then so are ¬ϕ, ϕ ∨ ψ, ϕ ∧ ψ, and ϕ→ ψ.
– If ϕ is a QV-formula and T is a QV-relational term, then [T ]ϕ and 〈T 〉ϕ are QV-

formulas.

Given a binary relation R on a set W and X ⊆W , we define:

R(X)
df
= {w ∈ W | ∃x ∈ X, (x,w) ∈ R}.

Fact 1. For every binary relation R on a set W and for all X,Y ⊆W :

R(X) ⊆ Y iff (R−1 ; (X ×W )) ⊆ (Y ×W ).

A QV-model is a structure M = (W,m), where W is a non-empty set of states and m
is a meaning function satisfying the following conditions:

– W =
⋃

�∈C � where all �’s are pairwise disjoint subsets of states understood as
states of objects affected by a qualitative velocity

– m(p) ⊆W for every p ∈ V

– m(�) = �, for every � ∈ C

– m(⊗�) ⊆ W ×W , for every ⊗� ∈ SP, and, in addition, for all v, vr, vs ∈ L1 and
for all o, oj, oj+1, oj+2 ∈ L2, the following hold:

(S1) m(⊗(v,o)) ;m(⊗(z,n)) = m(⊗(v,o))
(S2) m(⊗(v,oj)) ;m(⊗(v,oj+2)) = m(⊗(z,n)), for j ∈ {1, 2}
(S3) m(⊗(v,oj+1))(m(v, oj)) ⊆ m(v, oj) ∪m(v, oj+1), for j ∈ {1, 2, 3}
(S4) m(⊗(vs,oj+1))(m(vr, oj)) ⊆ m(vs, oj+1), for j ∈ {1, 2, 3} and r < s
(S5) m(⊗(vs,o))(m(vr, o)) ⊆ m(vs, o) ∪m(v3, o), for s ∈ {2, 3} and r < s
(S6) m(⊗(vs,oj+2))(m(vr, oj))⊆m(vs, oj+2)∪m(vs−1, oj+2), for j∈{1, 2}, s∈{2, 3},

and r < s

m extends to all the compound QV-relational terms and formulas:

– m(T ∗) = m(T )∗ =
⋃

i≥0 m(T i), where T 0 is the identity relation on W and

T i+1 df
= (T i ;T )

– m(S ∪ T ) = m(S) ∪m(T )
– m(S ;T ) = m(S) ;m(T )
– m(ϕ?) = {(s, s) ∈W ×W : s ∈ m(ϕ)}
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– m(¬ϕ) = W \m(ϕ)
– m(ϕ ∨ ψ) = m(ϕ) ∪m(ψ))
– m(ϕ ∧ ψ) = m(ϕ) ∩m(ψ))
– m(ϕ→ ψ) = m(¬ϕ) ∪m(ψ))
– m([T ]ϕ) = {s ∈ W | for all t ∈W, if (s, t) ∈ m(T ), then t ∈ m(ϕ)}
– m(〈T 〉ϕ) = {s ∈W | exists t ∈ W such that (s, t) ∈ m(T ) and t ∈ m(ϕ)}

Given a QV-model M = (W,m), a QV-formula ϕ is said to be satisfied in M by
s ∈ W , M, s |= ϕ for short, whenever s ∈ m(ϕ). As usual, a formula is true in a
model whenever it is satisfied in all states of the model and it is QV-valid iff it is true
in all QV-models. Intuitively, (s, s′) ∈ m(T ) means that there exists a computation of
program T starting in the state s and terminating in the state s′. Program S∪T performs
S or T nondeterministically; program S ;T performs first S and then T . Expression ϕ?
is a command to continue if ϕ is true, and fail otherwise. Program T ∗ performs T zero
or more times sequentially. For example, the formula 〈(v1, o4)?〉ϕ is satisfied in s when-
ever s is a slow velocity towards the left orientation and ϕ is satisfied in s; the formula
[⊗∗

(v3,o2)
]ϕ is satisfied in s iff for every velocity s′ obtained by the repetition of the com-

position of s with a quick velocity towards the right orientation a nondeterministically
chosen finite number of times, ϕ is satisfied in s′; the formula [⊗(v1,o4) ;⊗(v2,o2)]ϕ is
satisfied in s iff for every velocity s′ obtained by composing s with a slow velocity to-
wards the left followed by a normal velocity towards the right orientation, ϕ is satisfied
in s′.

Example 1. Let us consider the case study of ball interception of simulated soccer
agents, presented in [3]. Suppose that the ball is located at a point B and is moving
with a velocity (vb, ob) and the robot is at point R and it is not moving at this instant
(see Figure 1). Suppose also that the robot can calculate the qualitative velocity needed
to catch the ball at the current instant and position and this velocity is (vc, oc). A simple
vectorial argument leads us to the fact that the composition of both velocities has to be
the velocity needed to catch the ball. This condition can be expressed in our language
by the formula (z, n) → [⊗(vc,oc);⊗(vb,ob)]OK, where (z, n) means that the robot is not
moving at this instant, and OK means that the velocity of the robot is the correct one
in order to catch the ball. the validity of this formula has to be checked as the robot is
moving towards the ball and has to be corrected if it is not OK. The correction of this
movement could require the human intervention and, on the other hand, the position of
the robot may need some external device as a GPS.

3 Relational Representation of Logic QV

In this section we present the relational formalization of logic QV providing a frame-
work for deduction in logic QV. First, we define the relational logic RLQV appro-
priate for expressing QV-terms and QV-formulas. Then, we translate all QV-terms
and QV-formulas into relational terms and we show the equivalence of validity be-
tween a modal formula and its corresponding relational formula. The vocabulary of
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B

R

(vc, oc)

(vb, ob)

OK

Fig. 1. Catching a ball when the robot is not moving

the language of the relational logic RLQV consists of of symbols from the follow-
ing pairwise disjoint sets: OV = {x, y, z, . . .} - a countably infinite set of object
variables; RV = {P,Q, . . .} - a countably infinite set of binary relational variables;
RC = {1, 1′} ∪ {R�, Ψ�|� ∈ C} - the set of relational constants, where C is defined
as in QV-models; OP = {−,∪,∩, ; ,−1,∗ } - the set of relational operation symbols.
The intuitive meaning of the relational representation of the symbols of logic QV is as
follows: propositional variables are represented by relational variables; constants from
C are represented by relational constants Ψ� interpreted as right ideal binary relations;
relational constants R� correspond to specific programs ⊗�; the relational constants 1
(the universal relation), 1′ (the identity relation), and relational operations are used in
the representation of compound QV-formulas.
The set of RLQV-terms is the smallest set containing relational variables and relational
constants and closed on all the relational operations. RLQV-formulas are of the form
xTy, where T is an RLQV-relational term and x, y are object variables. An RLQV-model
is a structureM = (W,m), where W is defined as in QV-models and m is the meaning
function that satisfies:

– m(P ) ⊆W ×W , for every P ∈ RV ∪ {R�|� ∈ C}
– m(Ψ�) = �×W , for every � ∈ C

– m(1′) is an equivalence relation on W
– m(1′) ;m(P ) = m(P ) ;m(1′) = m(P ), for every P ∈ RV ∪ RC (the extension-

ality property)
– m(1) = W ×W
– For all v, vr, vs ∈ L1 and for all o, oj, oj+1, oj+2 ∈ L2, the following hold:

(RS1) m(R(v,o)) ;m(R(z,n)) = m(R(v,o))
(RS2) m(R(v,oj)) ;m(R(v,oj+2)) = m(R(z,n)), for j ∈ {1, 2}
(RS3) m(R(v,oj+1))

−1 ;m(Ψ(v,oj)) ⊆ m(Ψ(v,oj)) ∪m(Ψ(v,oj+1)), for j ∈ {1, 2, 3}
(RS4) m(R(vs,oj+1))

−1 ;m(Ψ(vr ,oj)) ⊆ m(Ψ(vs,oj+1)), for j ∈ {1, 2, 3} and r < s
(RS5) m(R(vs,o))

−1 ;m(Ψ(vr,o)) ⊆ m(Ψ(vs,o)) ∪m(Ψ(v3,o)), for s ∈ {2, 3} and r < s
(RS6) m(R(vs,oj+2))

−1 ;m(Ψ(vr ,oj)) ⊆ m(Ψ(vs,oj+2)) ∪ m(Ψ(vs−1,oj+2)), for j ∈ {1, 2},
s ∈ {2, 3}, and r < s

– m extends to all the compound relational terms as follows:
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m(−T ) = m(1) ∩ −m(T ),
m(S ∪ T ) = m(S) ∪m(T ),
m(S ∩ T ) = m(S) ∩m(T ),

m(T−1) = m(T )−1,
m(S ;T ) = m(S) ;m(T ),
m(T ∗) = m(T )∗.

Observe that the conditions (RS1), . . . , (RS6) are relational counterparts of the con-
ditions (S1), . . . , (S6) assumed in QV-models. An RLQV-model M in which 1′ is in-
terpreted as the identity is said to be standard. Let v:OV → W be a valuation in an
RLQV-model M. An RLQV-formula xTy is said to be satisfied in M by v whenever
(v(x), v(y)) ∈ m(T ). A formula ϕ is true in M iff it is satisfied in M by all the
valuations and it is RLQV-valid whenever it is true in all RLQV-models.

Now, we define the translation τ of QV-terms and QV-formulas into RLQV-relational
terms. Let τ ′ be a one-to-one mapping that assigns relational variables to propositional
variables. The translation τ is defined as follows:

– τ(p) = (τ ′(p) ; 1), for every p ∈ V

– τ(�) = Ψ�, for every � ∈ C

– τ(⊗�) = R�, for every ⊗� ∈ SP

For all relational terms T and S:

– τ(T ∗) = τ(T )∗

– τ(S ∪ T ) = τ(S) ∪ τ(T )
– τ(S ;T ) = τ(S) ; τ(T )
– τ(ϕ?) = 1′ ∩ τ(ϕ)
– τ(ϕ ∨ ψ) = τ(ϕ) ∪ τ(ψ)

– τ(ϕ ∧ ψ) = τ(ϕ) ∩ τ(ψ)

– τ(ϕ→ ψ) = τ(¬ϕ ∨ ψ)

– τ(〈T 〉ϕ) = τ(T ) ; τ(ϕ)

– τ([T ]ϕ) = −(τ(T ) ;−τ(ϕ)).

Relational terms obtained from formulas of logic QV include both declarative informa-
tion and procedural information provided by these formulas. The declarative part which
represents static facts about a domain is represented by means of a Boolean reduct of
algebras of relations, and the procedural part, which is intended to model dynamics of
the domain, requires the relational operations. In the relational terms which represent
the formulas after the translation, the two types of information receive a uniform rep-
resentation and the process of reasoning about both statics and dynamics, and about
relationships between them can be performed within the framework of a single uniform
formalism.

Theorem 1. For every QV-formula ϕ and for all object variables x and y, ϕ is QV-
valid iff xτ(ϕ)y is true in all standard RLQV-models.

4 Relational Dual Tableau for QV

In this section we present a dual tableau for the logic RLQV that can be used for ver-
ification of validity of QV-formulas. Relational dual tableaux are determined by the
axiomatic sets of formulas and rules which apply to finite sets of relational formulas.
The axiomatic sets take the place of axioms. The rules are intended to reflect properties
of relational operations and constants. There are two groups of rules: decomposition
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rules and specific rules. Although most often the rules of dual tableaux are finitary, the
dual tableau system for logic QV includes an infinitary rule reflecting the behaviour of
an iteration operation. Given a formula, the decomposition rules of the system enable us
to transform it into simpler formulas, or the specific rules enable us to replace a formula
by some other formulas. The rules have the following general form:

(rule)
Φ(x)

Φ1(x1, u1, w1) | . . . |Φn(xj , uj , wj) | . . .

where j ∈ J , for some (possibly infinite) set J , Φ(x) is a finite (possibly empty) set
of formulas whose object variables are among the elements of set(x), where x is a fi-
nite sequence of object variables and set(x) is a set of elements of sequence x; every
Φj(xj , uj , wj), j ∈ J , is a finite non-empty set of formulas, whose object variables
are among the elements of set(xj) ∪ set(uj) ∪ set(wj), where xj , uj , wj are finite se-
quences of object variables such that set(xj) ⊆ set(x), set(uj) consists of the object
variables that may be instantiated to arbitrary object variables when the rule is applied
(usually to the object variables that appear in the set to which the rule is being applied),
set(wj) consists of the object variables that must be instantiated to pairwise distinct
new variables (not appearing in the set to which the rule is being applied) and distinct
from any variable of sequence uj . A rule of the form (rule) is applicable to a finite set
X of formulas whenever Φ(x) ⊆ X . As a result of an application of a rule of the form
(rule) to set X , we obtain the sets (X \ Φ(x)) ∪ Φj(xj , uj , wj), for every j ∈ J . A set
to which a rule is applied is called the premise of the rule, and the sets obtained by the
application of the rule are called its conclusions. If the set J is finite, then a rule of the
form (rule) is said to be finitary, otherwise it is referred to as infinitary. Thus, if J has
n elements, then the rule of the form (rule) has n conclusions.

A finite set {ϕ1, . . . , ϕn} of RLQV-formulas is said to be an RLQV-set whenever for
every RLQV-model M and for every valuation v in M there exists i ∈ {1, . . . , n}
such that ϕi is satisfied by v in M. It follows that the first-order disjunction of all the
formulas from an RLQV-set is valid in the first-order logic. A rule of the form (rule)
is RLQV-correct whenever for every finite set X of RLQV-formulas, X ∪ Φ(x) is an
RLQV-set if and only if X ∪ Φj(xj , uj , wj) is an RLQV-set, for every j ∈ J , i.e., the
rule preserves and reflects validity. It follows that ‘,’ (comma) in the rules is interpreted
as disjunction and ‘|’ (branching) is interpreted as conjunction.

RLQV-dual tableau includes decomposition rules of the following forms, for any ob-
ject variables x and y and for any relational terms S and T :

(∪) x(S ∪ T )y

xSy, xTy
(−∪) x−(S ∪ T )y

x−Sy | x−Ty
(∩) x(S ∩ T )y

xSy |xTy (−∩) x−(S ∩ T )y

x−Sy, x−Ty

(−)
x−−Ty

xTy
(−1)

xT−1y

yTx
(−−1)

x−T−1y

y−Tx

(; )
x(S ;T )y

xSz, x(S ;T )y | zTy, x(S ;T )y
(−; )

x−(S ;T )y

x−Sz, z−Ty

for any object variable z for a new object variable z
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(∗)
xT ∗y

xT iy, xT ∗y
(−∗)

x−(T ∗)y

x−(T 0)y | . . . |x−(T i)y | . . .
for any i ≥ 0 where T 0 = 1′, T i+1 = T ;T i

Below we list the specific rules of RLQV-dual tableau.

For all object variables x, y, z and for every relational term T ∈ RC:

(1′1)
xTy

xTz, xTy | y1′z, xTy (1′2)
xTy

x1′z, xTy | zTy, xTy

For every � ∈ C and for all object variables x and y:

(right)
xΨ�y

xΨ�z, xΨ�y
for any object variable z

For every T ∈ {R(z,n)} ∪ {R(vi,oj) | 1 ≤ i ≤ 3, 1 ≤ j ≤ 4} ∪ {Ψ�|� ∈ C} and for all
object variables x and y:

(cut)
xTy |x−Ty

For all v, vr, vs ∈ L1, o, oj, oj+1, oj+2 ∈ L2, and for all object variables x and y:

(r1 ⊆)
xR(v,o)y

xR(v,o)z, xR(v,o)y | zR(z,n)y, xR(v,o)y
(r1 ⊇)

x−R(v,o)y

x−R(v,o)z, z−R(z,n)y, x−R(v,o)y

for any object variable z for a new object variable z

(r2 ⊆)
xR(z,n)y

xR(v,oj)z, xR(z,n)y | zR(v,oj+2)y, xR(z,n)y
(r2 ⊇)

x−R(z,n)y

x−R(v,oj)z, z−R(v,oj+2)y, x−R(z,n)y

for any object variable z and j ∈ {1, 2} for a new object variable z and j ∈ {1, 2}

(r3)
xΨ(v,oj)y, xΨ(v,oj+1)y

zR(v,oj+1)x, K | zΨ(v,oj)y,K
(r4)

xΨ(vs,oj+1)y

zR(vs,oj+1)x, xΨ(vs,oj+1)y | zΨ(vr,oj)y, xΨ(vs,oj+1)y

for any object variable z, j ∈ {1, 2, 3} for any object variable z and j ∈ {1, 2, 3} and r < s

K = xΨ(v,oj)y, xΨ(v,oj+1)y

(r5)
xΨ(vs,o)y, xΨ(v3,o)y

zR(vs,o)x, K | zΨ(vr,o)y, K
(r6)

xΨ(vs,oj+2)y, xΨ(vs−1,oj+2)y

zR(vs,oj+2)x, K | zΨ(vr,oj)y,K

for any object variable z and s ∈ {2, 3} for any object variable z and j ∈ {1, 2}, s ∈ {2, 3},

r < s and K = xΨ(vs,o)y, xΨ(v3,o)y r < s, and K = xΨ(vs,oj+2)y, xΨ(vs−1,oj+2)y

A set of RLQV-formulas is said to be an RLQV-axiomatic set whenever it includes a
subset of either of the following forms, for all object variables x, y, for every relational
term T , for any � ∈ C, and for any # ∈ C \ {�}:
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(Ax1) {x1′x}
(Ax2) {x1y}
(Ax3) {xTy, x−Ty}

(Ax4)
⋃
�∈C

{xΨ�y}

(Ax5) {x−Ψ�y, x−Ψ#y}

Let ϕ be an RLQV-formula. An RLQV-proof tree for ϕ is a tree with the following prop-
erties:

– The formula ϕ is at the root of this tree.
– Each node except the root is obtained by an application of an RLQV-rule to its

predecessor node.
– A node does not have successors whenever its set of formulas is an RLQV-axiomatic

set or none of the rules is applicable to its set of formulas.

Observe that the proof trees are constructed in the top-down manner, and hence every
node has a single predecessor node. A branch of an RLQV-proof tree is said to be closed
whenever it contains a node with an RLQV-axiomatic set of formulas. A tree is closed
iff all of its branches are closed. An RLQV-formula ϕ is RLQV-provable whenever there
is a closed RLQV-proof tree for it which is then refereed to as its RLQV-proof.

Theorem 2 (Relational Soundness and Completeness).
For every QV-formula ϕ and for all object variables x and y, ϕ is QV-valid iff xτ(ϕ)y
is RLQV-provable.

Example 2. Let ϕ be a QV-formula of the following form

ϕ = (v, o1)→ [⊗(v,o2)]((v, o1) ∨ (v, o2))

The translation of ϕ into RLQV-term is: τ(ϕ) = −Ψ(v,o1) ∪ −(R(v,o2) ;−(Ψ(v,o1) ∪
Ψ(v,o2))). Figure 2 shows RLQV-proof of the formula xτ(ϕ)y, which by Theorem 2
proves QV-validity of ϕ. In each node of the tree presented in the example we underline
the formulas which determine the rule that has been applied during the construction of

x[−Ψ(v,o1)
∪ −(R(v,o2)

;−(Ψ(v,o1)
∪ Ψ(v,o2)

))]y

�
(∪)

x−Ψ(v,o1)
y, x−(R(v,o2)

;−(Ψ(v,o1)
∪ Ψ(v,o2)

))y

�
(−; ) with a new variable z and (−)

x−Ψ(v,o1)
y, x−R(v,o2)

z, z(Ψ(v,o1)
∪ Ψ(v,o2)

)y

�
(∪)

x−Ψ(v,o1)
y, x−R(v,o2)

z, zΨ(v,o1)
y, zΨ(v,o2)

y

���� (r3) with variable x
����

xR(v,o2)
z, x−R(v,o2)

z, . . .

closed

xΨ(v,o1)
y, x−Ψ(v,o1)

y, . . .

closed

Fig. 2. RLQV-proof of QV-validity of the formula (v, o1) → [⊗(v,o2)]((v, o1) ∨ (v, o2))
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the tree and we indicate which rule has been applied. If a rule introduces a variable, then
we write how the variable has been instantiated. Furthermore, in each node we write
only those formulas which are essential for the application of a rule and the succession
of these formulas in the node is usually motivated by the reasons of formatting.

5 Conclusions and Future Work

We have presented a sound and complete relational dual tableau for verification of valid-
ity of QV-formulas. This system is a first step in order to provide a general framework
for improving the capacity of reasoning about moving objects. The direction of our
future work is twofold. First of all, we will focus on the extension of the logic by con-
sidering other spatial components (relative position, closeness, etc.). On the other hand,
it would be needed a prover which is a decision procedure based on the dual tableau
presented in this paper.
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Abstract. Breast cancer is one of the most common tumors related to death in 
women in many countries. In this paper, a novel neural network classification 
model is developed. The proposed model uses floating centroids method and 
particle swarm optimization algorithm with inertia weight as optimizer to im-
prove the performance of neural network classifier. Wisconsin breast cancer  
datasets in UCI Machine Learning Repository are tested with neural network 
classifier of the proposed method. Experimental results show that the developed 
model improves search convergence and performance. The accuracy of classifi-
cation of benign and malignant tumors could be improved by the developed  
method compared with other classification techniques. 

Keywords: Floating Centroids Method, PSO, Neural Network, Breast Cancer 
Classification.  

1 Introduction 

Breast cancer is one of the most common malignant tumors among women. Various 
artificial intelligence techniques [1-6] have been used to improve the accuracy and 
efficiency of cancer diagnosis. In recent years, neural network has widely been ap-
plied to feature extraction, data compression, data classification, clustering etc. [7]. 
The learning algorithm of neural network is a supervised learning method. A classifier 
is usually constructed according to the character of a given datasets and analyzed the 
character of the given datasets. It is produced an exact model for each category data. 
In recent research, many classification techniques have been proposed, such as genet-
ic algorithm [8], neural network [9-12], support vector machine [13-16], decision tree 
[17,18], etc.. Neural network model has been successfully used in many classification 
problems among these techniques.  

Conducting neural network classifier, the number of parameters including input 
layer, hidden layer and output layer is decided by the property, category and charac-
ters of dataset. In neural network classifier, sample is mapped by neural network. 



648 L. Zhang et al.  

Centroid is a point in partition space and denotes the center of a class. In a conven-
tional neural network classifier, position of centroids and the relationship between 
centroids and classes are set manually. In addition, number of centroids is fixed with 
reference to the number of classes. This fixed-centroid constraint decreases the 
chance to find optimal neural network. Therefore, a novel neural network classifier 
based on float centroids method (FCM) which removes the fixed-centroid constraint 
and spread the centroids throughout the partition space is proposed in our previous 
research [19]. However, despite the superior classification results, the training effi-
ciency is not acceptable which limits the scope of application in practice. Therefore, 
this paper presents a developed method adopted particle swarm optimization algo-
rithm with inertia weight as optimizer to improve the search convergence and perfor-
mance of FCM. 

The rest of the paper is organized as follows: Section 2 describes the particle 
swarm optimization algorithm with inertia weight. Section 3 provides the floating 
centroids method algorithm and the process of learning algorithm in detail. Experi-
ment results are presented in Section 4, together with some comparisons with other 
classification techniques. In the end, Section 5 concludes with a brief summary of our 
study. 

2 Particle Swarm Optimization Algorithm with Inertia Weight 

The Particle Swarm Optimization (PSO) algorithm which is put forward by Kennedy 
and Eberhart is one of evolutionary algorithms [21]. It is an adaptive method that can 
be used to solve optimization problem. Conducting search uses a population of  
particle which corresponds to individuals. A population of particles is randomly gen-
erated initially. Each particle’s position represents a possible solution point in the 

problem space. Each particle has an updating position vector ix  and updating veloci-

ty vector iv  by moving through the problem space. At each step, a fitness function 

evaluating each particle’s quality is calculated by position vector ix . The vector ip  

represents the best ever position of each particle and gp  represents the best position 

obtained so far in the population. 

For each iteration t, following the individual best position ip  and the global best 

position gp  , the velocity vector of particle i is updated by:  

))()(())()(()()1( 2211 txtpctxtpctvtv igiiii −+−+=+ φφ  (1) 

where 1c  and 2c  are positive constant and 1φ  and 2φ  are uniformly distributed 

random number in [0,1]. The velocity vector iv  is range of [-Vmax, Vmax]. Updating 

the velocity vector of particle by this method enables the particle to search around its 



 Research of Neural Network Classifier Based on FCM and PSO 649 

individual best position and global best position. Based on the updated velocity, each 
particle changes its position according to the following formula: 

 )1()()1( ++=+ tvtxtx iii  (2) 

Based on this method, the population of particles tends to cluster together. To avoid 
premature convergence, the following formula can improve the velocity vector of 
each particle adding the inertia weight factor ω [21]. 

 ))()(())()(()()1( 2211 txtpctxtpctvtv igiiii −+−+=+ φφω   (3) 

where inertia weight factor ω is a real number. The inertia weight factor ω controls 

the magnitude of the velocity vector iv . 

The inertia weight factor ω is a ratio factor related to the previous velocity. The in-
ertia weight factor ω decides the influence from the previous velocity to current ve-
locity. The large inertia weight factor ω can make globally search and the small iner-
tia weight factor ω will make local search [22]. The fellow method is adopted by the 

inertia factor ω from maxω  to minω : 

 minminmax max/)(max*)( ωωωω +−−= iteriteriter  (4) 

where maxiter is the total number of iteration, iter is the current iteration. Linearly 

decreasing the inertia factor ω from maxω  to minω can improve the search area 
firstly and locate the best position quickly. With the inertia weight factor ω gradually 
decreasing, the velocity of particle becomes slower and makes local search subtly. 
The convergence becomes faster owing to add the inertia weight factor. 

3 The Procedure of Learning Algorithm for FCM and PSO 

3.1 Floating Centroids Method 

FCM [19] is an approach which has some floating centroids with class labels spread 
in the partition space. A sample is labeled by a certain class when the closest centroid 
of its corresponding mapped point is the closest centroids of this certain class. The 
partition space is decided by an irregular regions controlled by centroids. To get these 
floating centroids, training samples are mapped to partition space by neural network, 
and then, corresponding mapped points in partition space will be partitioned into sev-
eral numbers of disjoint subsets using the K-Means clustering algorithm [20]. The 
floating centroids are defined as computing the cluster centers of these subsets. So, 
the number of centroids may be more than the number of classes. Finally, each of 
these centroids will be labeled by one class. If training points of one class are majority 
among all the points which belong to a centroid, the centroid is labeled by this class. 
More than one centroid can be labeled by one class. 
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The floating centroids method can achieve the optimization objective of neural 
network classifier, because it is no constraint in the number of centroids and the class 
label of centroids are computed by the mapped points in partition space. The floating 
centroids method has no fixed-centroid. The function of floating centroids method is 
that allocates points in the same class together as close as possible and separates 
points in the different classes from the partition space. 

3.2 Model of Neural Network Classifier 

A neural network classifier is a pair (F, P), where centroid in P have been colored. 
The model neural network classifier is described by Fig. 1.  

If a new dataset need to be categorized, it can be mapped one point in P used by F, 
then predict the category according to the distance which measured by Euclidian dis-
tance. This process is illustrated in Fig.2. The dimension of partition space is set to 
two and the number of classes is three. 

 

Fig. 1. Model of classifier 

 

Fig. 2. Categorizing a new sample 

3.3 Centroids Generation 

Firstly, the training dataset is mapped to partition space using by neural network. The 
mapped point corresponding to training data is named colored point. The colored 
points in partition space are divided into k disjoint clusters used by K-means algo-
rithm. Then each centroid is labeled category tag according to the principle which is 
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that if the color points of one class are majority in all of color points, the class should 
color the centroid. One class can color one or more centroids.  

If the number of datasets between classes is different, it should keep equitable-
ness using weights or other solutions. One class colors a centroid by a higher proba-
bility, if the number of this class dataset is larger than others. 

3.4 The Process of Learning Algorithm 

The goal of learning algorithm is to get the best neural network and it corresponding 
colored partition space. The process of learning algorithm is described by Algorithm 1.  

Algorithm 1: The process of learning algorithm 
Input: User-defined parameters and training data set; 
Output: Best neural network and its corresponding colored partition space; 
Step 1: Code neural network to form individual according to the particle swarm opti-

mization mentioned with inertia weight in Section 2; 
Step 2: while maximum generation has not been reached do; 
Step 3: for i=1 to the number of individuals do; 
Step 4: Decode individual id to form a neural network; 
Step 5: Perform centroid generation with this neural network to get colored partition 

space; 
Step 6: Use this neural network and its corresponding colored partition space to com-

pute the value of optimization target function as the fitness of individual i; 
Step 7: end for; 
Step 8: Perform an iteration of improved particle swarm optimization algorithm, up-

date individuals by their fitness; 
Step 9: end while; 
Step 10: return the best neural network and its corresponding colored partition space. 

3.5 Target Function 

The optimization target function is defined as the follow formula, 

 ∑
=

−+
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where iZ  is the value of point i sample which is mapping to the partition space. S is 
total number of samples in the training dataset and a is a real constant which controls 
tortuosity. The target function is to put points in the same class together as close as 
possible and keep points in the different class away from others as far as possible. 
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4 Experiments and Results 

The criterion of testing accuracy is defined to evaluate the performance of this me-
thod. Testing accuracy (TA) which is a method to obtain better generalization capabil-
ity is adopted testing data to achieve the accurate rate. 

 %100*
test

test

P

TP
TA =  (6) 

where testTP represent the number of correctly classified samples in testing dataset 

and testP  is number of total samples in testing dataset. 
To test the effectiveness of the proposed method, we select the Wisconsin breast 

cancer datasets for the experiments which is selected from the UCI machine learning 
database generated by Dr. William from the University of Wisconsin Madison [24]. 
Breast cancer can be diagnosed benign or malignant by puncture sampling. Wisconsin 
breast cancer dataset consists of 569 records and 2 classes, which 357 records are 
benign type and 212 records are malignant type. Each record has 30 attributes includ-
ing ten quantifying feature, such as diameter, perimeter, symmetry etc.  

The breast cancer datasets is divided into two subsets randomly, one is selected as 
the training dataset and the other is the testing dataset. There are 285 records as train-
ing dataset and 284 records as testing dataset for benign and malignant type. This two 
type experimental data have been done respectively. One class of sample is used for 
the benign and the other is used for the malignant. The normal data is labeled as 1 and 
the abnormal data is labeled as 0.  

In our experiments, a three-layered feed-forward neural network with 15 hidden 
neurons is adopted and the particle swarm optimization algorithm with inertia weight 
is selected as optimizer. This proposed method is compared with the other neural 
network classifiers, including Flexible Neural Tree (FNT) [23], Neural Network (NN) 
and Wavelet Neural Network (WNN) [25]. The parameters of PSO algorithm are 
important factors on searching the optimal solution. Through trials on these datasets, 
the parameters setting of particle swarm optimization algorithm is defined by the 
follow Table 1.  

Table 1. Parameters for experiments 

Population size 20 
Generation 3000 

Wmax 0.8 
Wmix 0.4 
C1 2 
C2 2 

Vmax 3 
Vmin -3 
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Table 2 depicts the accuracy results for testing data with comparison between our 
method and other methods. The result indicates that our proposed method is fully 
capable of improving the generalization ability of neural network classifier.  

Table 2. Testing accuracy (%) 

Cancer type FNT NN WNN Our method 
Benign 93.31 94.01 94.37 96.47 
Malignant 93.45 95.42 92.96 95.70 

5 Conclusions 

In this paper, a novel neural network is proposed based on floating centroids method 
and particle swarm optimization algorithm. This approach makes sample to be 
mapped into neural network and partition space is used to categorize data sample. The 
proposed method removes the fixed-centroid constraint. An improved particle swarm 
optimization with inertia weight is adopted as optimizer in this paper. It increases the 
variety of particles and improves the performance and convergence of standard par-
ticle swarm optimization algorithm. To evaluate the performance of our proposed 
approach, Wisconsin breast cancer datasets from UCI machine learning repository is 
selected to compare the accuracy measure with FNT, NN and WNN. Experimental 
results illustrate that our method is more efficient than other methods in classification 
accuracy of breast cancer dataset. 
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Abstract. Data compression is very important today and it will be even
more important in the future. Textual data use only limited alphabet -
total number of used symbols (letters, numbers, diacritics, dots, spaces,
etc.). In most languages, letters are joined into syllables and words. Both
these approaches has pros and cons, but none of them is the best for any
file. This paper describes a variant of algorithm for evolving alphabet
from characters and 2-grams, which is optimal for compressed text files.
The efficiency of the new variant will be tested on three compression
algorithms and a new compression algorithm based on LZ77 will be also
used with this new approach.

Keywords: genetic algorithms, data compression, tabu search, alpha-
bet optimization, Huffman encoding, LZ77.

1 Introduction

Data compression is very important today and it will be even more important in
the future. The reason is that more and more documents, pictures, videos and
other data files must be stored or transferred into data storage or cloud. When
we focus on text documents, we must think about collection of email, news
and magazine articles, web encyclopedias, books, logs and other textual data.
Textual data use only limited alphabet - total number of used symbols (letters,
numbers, diacritics, dots, spaces, etc.). The number of used symbols depends on
used language. English text files use up to 90 symbols (small and capital letters,
numbers, dashes, strokes, dots, spaces, . . . ). But textual data has one amazing
feature. The basic symbols are combined into sequences according defined rules.
These rules are called grammar, linguistic, etc. which defines language. These
rules should be studied from many points of view. Some papers studied language
and its fractal features [2]. In text compression, other point of view is used. In
most languages, letters are joined into syllables and words. These two language
elements are very useful for data compression. The most efficient compression
algorithms use context information for data compression. The context defines a
frequency of a symbol according to the n previous symbols or existents of same
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sequences in the data. Both, syllables and words, could be used a basic symbols
in compression instead of characters.

The biggest problem is selection between these approaches. In [12], authors
compared the single file parsing methods used on input text files of a size 1KB-
5MB by means of the Burrows-Wheeler Transform for different languages (En-
glish, Czech, and German). They considered these input symbol types: letters,
syllables, words, 3-grams, and 5-grams. Comparing letter-based, syllable-based,
and word-based compression, they found out that character-based compression is
the most suitable for small files (up to 200KB) and that syllable-based compres-
sion is the best for files of a size 200KB-5MB. Compression which uses natural
text units such as words or syllables is 10-30% better than compression with
5-grams and 3-grams. For larger files, word-based compression methods will be
the best. In [9] a three different so-called parsing strategies and their influence on
Burrows-Wheeler based data compression [5]. In that paper a 1-grams, 2-grams,
3-grams, 4-grams and words were tested. The results show that the usage of
words has meaning for large text files. And also that the second best approach
is using of characters (1-grams). The 2-grams have always worse results than
characters.

The approach, which is not mentioned in the previous paragraph, is usage of
combination of characters, syllables and words as an alphabet. The problem is
that such alphabet is big and the parsing of the file is ambiguous. Therefore, an
algorithm which selects the proper alphabet should be defined. In our previous
papers [16,15,17] we studied the ability of genetic algorithms (GA) to find an
optimal alphabet for various text files. In first paper [17], we test ability of GA to
find a minimal alphabet for a file, i.e. identify these symbols which are necessary
for reading of a file. In the following papers [16,17] we try to evolve an optimal
alphabet for various files. In this paper, we improved our algorithm using Tabu
search. Moreover, we test our algorithm on new LZ77 algorithm, respectively on
its modification LZSS.

The rest of the paper is organized as follows. The Section 2 describes the basic
of data compression and the Section 3 describe basics of the genetic algorithms
and Tabu search. Section 4 is focused on the description of proposed algorithm
and Section 5 contain experimental result of the basic algorithm on several files.
In the last Section, a conclusion of the first experiments and future work is
defined.

2 Data Compression

The area of data compression is wide and complex and its origin dates back to
the mid-20th century, when the theory of information was defined [21]. In infor-
mation theory, information is represented as data. The amount of information
contained in the data can be expressed as the Shannon entropy [21]. Entropy is
measured in units such as bits and the same unit is used for the data. The rest
of the data is redundant and may be eliminated. For example, in [22] Shannon
experimentally discovers that the entropy for English is between 0.6 to 1.3 bits
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per character. The elimination of the redundancy is also called data compres-
sion. Therefore, the entropy may also be explained as a maximal limit for data
compression.

Many compression algorithms and transformations have been developed. Com-
pression algorithms usually process data in their original form, but it is possible
to use one or more transformations for the conversion of data into a more suitable
form.

Compression algorithms may be divided into three main categories. The first
category is statistical algorithm. Statistical methods use probability of the sym-
bols for assigning shorter codes to more probable symbols and longer codes to
least probable ones. Because of this, these methods use only necessary amount of
bits to represent data and, therefore, they are able to eliminate all redundancy.
The represent ants of this algorithms are Shannon-Fano encoding [21], Huffman
Encoding [8], Arithmetic encoding [1,18,19] and Prediction by Partial Match
algorithm [6,14].

The second category is dictionary-based algorithms. Dictionary-based meth-
ods use a dictionary as a memory of processed data (sequence of symbols) and
the actual processed data are encoded as pointers to the previous occurrence of
the symbol sequence. The type of dictionary and representation of the pointers
depends on the algorithms. Almost all algorithms in this category are based on
the following two algorithms. LZ77 [26] represent the dictionary as a structure
called a sliding window of a certain size. This window contains processed symbols
(in their raw form) and the new data are encoded as a triplet describing a simi-
lar sequence found in the sliding window. The triplet contains the length of the
sequence found, the position of the sequence, and the first different symbol after
the sequence. The last part of the triplet solves the problem, when no sequence
is found in the dictionary. The LZ78 [27] algorithm uses different approach. The
dictionary is dynamically created from the data by phrases. These phrases are
created from the phrases in the dictionary and the next symbol. The pointers
are encoded as a doublet. The first part of the doublet is the number of the
phrase in the dictionary and the second one is the first different symbol.

The third category is Transformation for data compression. These transfor-
mations are used as a pre-processors before one of the compression algorithms
from the first or second category is used. The most well know transformation for
data compression are Run-Length encoding [20], Move-To-Front transformation
[4] and Burrows-Wheeler transformation [5].

More information about data compression may be found in [20].

3 Genetic Algorithms

Genetic algorithms are a popular variant of evolutionary algorithms. They are
based on the programmatical implementation of genetic evolution and they em-
phasize selection and crossover as the most important operations in the whole
evolutionary optimization process [10,13].
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Genetic algorithms evolve a population of chromosomes representing poten-
tial problem solutions encoded into suitable data structures. The evolution is
performed by genetic operators modifying the chromosomes, i.e. the encoded
forms of problem solutions. Proper encoding is vital for the effectiveness of the
evolutionary searches. It defines the genotype, the space of all encoded problem
solutions, which is different from the phenotype, the space of all problem solu-
tions. Genetic algorithms explore the genotype of the problem being investigated
and the size and shape of the problem genotype define its fitness landscape.

Finding good encoding is a non-trivial and problem-dependent task affect-
ing the performance and results of an evolutionary search in a given problem
domain. The solutions might be encoded into binary strings, integer vectors or
real vectors, or more complex, often tree-like, hierarchical structures. The en-
coding choice is based on the needs of a particular application area. The original
(canonical) GA described by John Holland encoded problems as fixed-length
binary strings.

The iterative phase of an evolutionary search process starts with an initial
population of individuals that can be generated randomly or seeded with po-
tentially good solutions. Artificial evolution consists of the iterative application
of genetic operators, introducing to the algorithm evolutionary principles such
as inheritance, the survival of the fittest, and random perturbations. Iteratively,
the current population of problem solutions is modified with the aim of forming
a new and, it is hoped, better population to be used in the next generation.
The evolution of problem solutions ends after specified termination criteria have
been satisfied, and especially the criterion of finding an optimal solution. How-
ever, the decision as to whether a problem solution is the best one (i.e. a global
optimum was reached) is impossible in many problem areas. After the termina-
tion of the search process, the evolution winner is decoded and presented as the
most optimal solution found.

3.1 Tabu Set

A Tabu Search algorithm [7] is local search optimization technique that prevents
testing of already tested solutions. The Tabu Search algorithm uses tabu sets
of already tested solutions. Each new generated solution is compared to these
sets and if a solution was already tested it is discarded and another one is
created. Because of the size of search space, it is necessary to manage memory
consumptions of the tabu set. The possible solution is represented as a vector of
binary numbers in our algorithm. Such vectors should be stored very efficiently
using binary trees, where similar vectors share its representing nodes of binary
tree. Even such efficient implementation of tabu set needs a large amount of
memory, when the length of the vectors is big. Therefore, a memory recycling
method must be used. Many algorithms for memory recycling exist, such as
Least Recently Used. In our algorithm we used a total releasing algorithm, i.e.
when a maximum capacity is reached, all stored solution are released.
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4 Optimizing Compression Alphabet

As was mentioned in Introduction, in our previous papers, we search for an
optimal alphabet for text files. We used all single characters and all 2-grams from
the compressed data as a search space. The problem of the approach defined in
these papers is the speed of optimization. Therefore, a Tabu Search algorithm
was introduced. The following paragraphs contain description of our algorithm.

The problem of finding optimal alphabet is very difficult. The main problem
is to select elements of the alphabet. For character based compression it is very
easy because the optimal alphabet is the same as the minimal alphabet. When
only 80 symbols is used in the file, all these symbols must be put into alphabet,
otherwise, the file in not readable for the algorithm. When the number of symbol
is increased to 2-grams, 3-grams, etc., the problem becomes very difficult. The
one way is to test all possible combination of input symbols. Unfortunately,
the number of all possible combination for the alphabet containing n elements
is 2n. Therefore, some optimization algorithm that is able to search through
this complex space must be used. In our algorithm a genetic algorithms was
used. This decision was made because the genetic algorithms are very efficient
in searching for optimal set of items from the complex space. Genetic algorithms
were used in text compression in some previous works such as [24] and [11]. In
both cases, GA are used for selection of optimal set of syllables.

4.1 Definition of the Algorithm

The algorithm consists from several steps. The first step is the extraction of the
possible alphabet from the file. This is done using an algorithm that is able to
find all possible symbols up to certain length. In our case the maximal length
of the symbol is two characters. The best way how to explain function of the
extraction algorithm is to present an example.

Input: abcd

Output: a, ab, b, bc, c, cd, d

As may be seen, even the overlapping sequences are extracted as possible sym-
bols. The reason is that there is no possibility to say, that ab is better than
bc.

The second step is the main optimization algorithm based on Genetic algo-
rithms. The used alphabet may be represented as the bit vector of length equal
to the number of possible symbols, where the 0 means that the symbols was
not used and the 1 means that the symbol was used. The selection operator was
defined as semi-elitary. This means the one parent was selected randomly and
the second is selected according its fitness value. This brings balance between
convergences to local optimum and search of possible new areas of search space.
The crossover operator was defined as two-point crossover and the mutation
simply change the bit value according to defined probability. Each chromosome
from the initial population has set ones for one character length symbols and
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with probability of 0.5% has set one for other symbols. This initialization is mo-
tivated by the fact that using of minimal one-character length alphabet leads to
the best possible compression in character based approach. The small probabil-
ity of the setting of 2-grams is motivated by the idea that only few 2-grams have
good impact on the compression results.

The last important step is the definition of the fitness function. The fitness
function must be defined in the way that not only the size of the compressed
file is taken into account, but also the size of the stored alphabet. The size of
the compressed file depends on the used compression algorithm. The size of the
alphabet is defined by the number of symbols and the way, how it is stored.
The alphabet is stored using very simple algorithm - as a list of pairs (length,
sequence) where length is the length of the sequence and sequence is a sequence
of the characters.

The reason for counting the size of the alphabet into fitness function is, that
if we take only the size of the compressed data, the GA will use most of the
symbols from the search space to reduce the compressed data. This is because
is we take all 2-grams then the number of symbols which must be compressed is
2× smaller than is we use only characters.

The fitness function gets the length of the compressed file and the length of
the stored alphabet and sum of these two numbers is the fitness value. The goal
of the genetic algorithm is to minimize this fitness value.

5 Experiments

The experiments for this task were set in the following way. The goal is to test
the efficiency of the evolved alphabet. The efficiency may differ for different files;
we use several files with different parameters.

5.1 Testing Files

Because the whole algorithm is focused on optimization of text files compres-
sion, we select all text files from the Canterbury compression corpus [3] except
artificial files. From the main corpus, all files with textual content were selected:
alice29.txt - Alice’s Adventures in Wonderland from Lewis Carroll, asyoulik.txt
- a Shakespeare play As You Like It, cp.html - a html file, fields.c - a C source
code, grammar.lsp - a Lisp source code, lcet10.txt - a technical text, plrabn12.txt
- a poem Paradise Lost by John Milton and xargs.1 - a GNU manual page.
The summary of the files with their size and the number of unique 1-grams
an 2-grams is depicted in Table 1. The most important column is the last one
because values in this column define the sizes of the problem space.

5.2 Parameters of the Algorithm

The suggested algorithm has two types of parameters which must be set. The
first group consists from parameters of the GA. The Genetic algorithms have
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Table 1. Summary of testing files

File Name Size (B) 1-grams 2-grams Total

alice29.txt 152 089 74 1285 1359

asyoulik.txt 125 179 68 1125 1193

cp.html 24 603 86 1520 1606

fields.c 11 150 90 756 866

grammar.lsp 3 721 76 458 534

lcet10.txt 426 754 84 1934 2018

plrabn12.txt 481 861 81 1192 1273

xargs.1 4227 74 579 653

several parameters which must be set according to solved problem. Moreover, it
is usual to design another genetic algorithm which evolves parameter to another
GA algorithm. In our case, the parameters which must be set are the proba-
bility of the cross-over, probability of the mutation and size of the population.
Other parameters were set as follows: the crossover type is two-point, selection
is semi-elitist, the GA looking for the minimal fitness value and the termination
criterion is set to 20000 generations. The probabilities of crossover and mutation
were set to 90% and 0.5% respectively according to many simulations performed
before the main experiments and published in [16]. These values satisfy the good
ability of fitness function improvement. Moreover, this small value of mutation
probability enables only very few added/removed symbols per iteration that is
good for the maintaining of the ability of alphabet successfully parse the input
file. The size of the population was set to 100. This number enables well enough
heterogeneity of possible solution.

The second group of parameters which must be set is the used compression
algorithm. For our experiment, LZW [25], Adaptive Huffman encoding [8,20] and
Burrows-Wheeler based [5] compression algorithms were used. The same algo-
rithm were used in the previous work. The LZW algorithm is very easy to imple-
ment, fast and uses context information from the input file for improving com-
pression. This algorithm uses a variant with 128kb dictionary and tokens stored
into files are stored with only necessary amount of bits. The Adaptive Huffman
encoding is also very simple for implementation. We used a 32-implementation
with initialization of the whole alphabet to same frequency. For the Burrows-
Wheeler based compression algorithm we use an Adaptive Huffman Encoding
and Run-length encoding in combination with Move-To-Front transform.

As an improvement, we also use a LZ77 based algorithm. LZ77 [26] is another
type of dictionary based compression algorithms. It was developed one year be-
fore LZW, but its implementation is much complicated. It uses a so-called sliding
window and the new data are encoded as a reference to this dictionary. The ref-
erence is in basic algorithm encoded as a triplet (position, length, next char),
where position and length is the position and length of the symbols sequence
in the dictionary and the next char is the first character that differs from the
sequence. In our approach we use a variant of LZ77 developed by Storer and
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Szymanski called LZSS [23]. In this approach a reference to the dictionary is en-
coded as a doublet, when the sequence is found, or a single character, when the
sequence was not found. For identification of these two approaches a one bit flag
is used. This algorithm is very popular in these days, most of the compression
algorithm uses it, e.g. Zip, Rar, 7-zip. The main advantage of this algorithm is
the possibility of combination of this algorithm with other algorithms. This com-
bination means that the components of the reference to the dictionary should be
compressed with another compression algorithm. In our algorithm we useAdap-
tive Huffman Encoding for compression of next char and length and Fibonacci
encoding for lenght. The dictionary size in our experiment is 128kB and the
maximal length of the match is 64 symbols.

The main measured value is the compression ratio. The improvement against
the 1-grams and 2-gram approach was studied in the previous papers. In this
paper, we will study the ability of Tabu Search to improve the efficiency of the
algorithm. In the tables we depict the size of the original file, results with a
1-gram alphabet, the results without Tabu Search and the results with Tabu
Search. The 1-grams approach uses only the minimal alphabet as mentioned in
table 1. The algorithm may decide to use all symbols - 1-grams and 2-grams
without any constraint. The main task of this algorithm is to compare our sug-
gested algorithm for three different compression algorithms. First we will try
to compare achieved compression ratio and improvement in compression ratio
for all groups of testing file and comparison of alphabets evolved for all three
compression algorithms. All experiments were 10× repeated and results were
averaged to get more relevant results.

The result tables contain several columns. Results achieved with 1-grams al-
phabet are depicted in column signed as 1-grams, the results achieved with the
alphabet evolved using suggested algorithm without Tabu Search are depicted
in column Without TS and results achieved with the alphabet evolved using
suggested algorithm with Tabu Search are depicted in column With TS. CS
means the compressed size, CR means compression ratio and is computed as
CR = CS

Orig.size , where Orig.size is the original size of the file. The column AS
contains the number or the average number of symbols used for compression of
the file. The column Diff CR contains a difference in compression ratio between
algorithm without Tabu Search and compression ratio with Tabu Search. Each
table contains in last line the average compression ratios for the 1-grams and
both evolved alphabet and the average difference between two variants of the
algorithm.

5.3 Results for the Files from Canterbury Corpus

The results for files from Canterbury corpus are depicted in Tables 2, 3 and
4. The improvements gained by evolved alphabet were described in our pre-
vious papers [16,17]. Therefore, their description here will be very short. The
average improvement in compression ratio for LZW compression is almost 1.6%
in average, but the best result is almost 2.5%. The average improvement for
Burrows-Wheeler based compression is almost 2.2% against 1-gram alphabet.
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Table 2. Results for Canterbury corpus and LZW compression algorithms

Orig. 1-grams Without TS With TS Diff.

FileName size [B] CS [B] CR [%] CS [B] CR [%] CS [B] CR [%] CR [%]

alice29.txt 152 089 62221 40.91 59338.7 39.02 59288.8 38.98 0.03

asyoulik.txt 125 179 54966 43.91 53690.2 42.89 53435.4 42.69 0.20

cp.html 24 603 11385 46.27 11095.5 45.10 11037.2 44.86 0.24

fields.c 11 150 5063 45.41 4773.7 42.81 4796.8 43.02 -0.21

grammar.lsp 3 721 1895 50.93 1817 48.83 1818.8 48.88 -0.05

lcet10.txt 426 754 163159 38.23 152744.1 35.79 152792.0 35.80 -0.01

plrabn12.txt 481 861 198443 41.18 192368.7 39.92 192077.6 39.86 0.06

xargs.1 4 227 2417 57.18 2342.1 55.41 2349.2 55.58 -0.17

Average 45.50 43.72 43.71 0.01

Table 3. Results for Canterbury corpus and BW compression algorithm

Orig. 1-grams Without TS With TS Diff.

FileName size [B] CS [B] CR [%] CS [B] CR [%] CS [B] CR [%] CR [%]

alice29.txt 152089 51477 33.85 47193.6 31.03 46965.0 30.88 0.15

asyoulik.txt 125179 45525 36.37 42860.0 34.24 42598.8 34.03 0.21

cp.html 24603 8600 34.96 8336.3 33.88 8306.0 33.76 0.12

fields.c 11150 3561 31.94 3381.1 30.32 3374.8 30.27 0.06

grammar.lsp 3721 1517 40.77 1450.1 38.97 1445.6 38.85 0.12

lcet10.txt 426754 140046 32.82 129455.3 30.33 129511.4 30.35 -0.01

plrabn12.txt 481861 183626 38.11 165352.4 34.32 164711.6 34.18 0.13

xargs.1 4227 2012 47.60 1941.0 45.92 1937.4 45.83 0.09

Average 37.05 34.88 34.77 0.11

All improvements are higher than 1% for all files, but the maximal improve-
ment is almost 4%. Results for the Adaptive Huffman compression are different
thanresults from the previous compression algorithms. The average improvement
was more than 8% against 1-gram alphabet.

As may be seen, the improvement gained by Tabu Set is very slight. The
largest improvement may be seen in Adaptive Huffman Encoding, but it is only
0.33 % in average. The achieved improvement for Burrows-Wheeler algorithm is
only 0.11% in compression ratio and only 0.01% for LZW compression algorithm.
These results show that using Tabu Sets has no big impact on the algorithm.
Form the other point of view, it shows that the original algorithm was well
designed and is able to find very good result. When we see the progress of the
algorithm during optimization, the algorithm using TabuSearch is much more
efficient. The convergence was much faster.

5.4 Results of LZSS for the Files from Canterbury Corpus

Results achieved by LZSS algorithm are depicted in Table 5. As may be seen,
the average improvement in compression ratio (depicted in column Diff CR) is
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Table 4. Results for Canterbury corpus and Adaptive Huffman compression algorithm

Orig. 1-grams Without TS With TS Diff.

FileName size [B] CS [B] CR [%] CS [B] CR [%] CS [B] CR [%] CR [%]

alice29.txt 152089 87914 57.80 76233.9 50.12 75870.4 49.89 0.24

asyoulik.txt 125179 76000 60.71 65925.2 52.66 65507.6 52.33 0.33

cp.html 24603 16434 66.80 14663.4 59.60 14492.0 58.90 0.70

fields.c 11150 7266 65.17 6254.7 56.10 6215.2 55.74 0.35

grammar.lsp 3721 2364 63.53 2151.2 57.81 2138.2 57.46 0.35

lcet10.txt 426754 250823 58.77 217507.2 50.97 216220.6 50.67 0.30

plrabn12.txt 481861 275857 57.25 238434.4 49.48 237399.8 49.27 0.21

xargs.1 4227 2796 66.15 2590.6 61.29 2582.8 61.10 0.18

Average 62.02 54.75 54.42 0.33

Table 5. Results for Canterbury corpus and LZSS algorithm

Orig. 1-grams With TS Diff

FileName size [B] CS [B] CR [%] AS CS [B] CR [%] AS CR [%]

alice29.txt 152 089 61587 40.49 74 57238.0 37.63 325.0 2.86

asyoulik.txt 125 179 55804 44.58 68 51988.0 41.53 262.0 3.05

cp.html 24 603 8881 36.10 86 8700.7 35.36 125.3 0.73

fields.c 11 150 3584 32.14 90 3509.0 31.47 106.3 0.67

grammar.lsp 3 721 1413 37.97 76 1384.7 37.21 84.7 0.76

lcet10.txt 426 754 159978 37.49 84 146050.5 34.22 627.0 3.26

plrabn12.txt 481 861 220945 45.85 81 202647.0 42.06 489.0 3.80

xargs.1 4 227 1985 46.96 74 1955.5 46.26 83.0 0.70

Average 40.20 38.22 1.98

almost 2% which means that the algorithm works very well. Once again, it works
better for longer files. The improvement of 3% was achieved for all four longer
text files. When we look at Alphabet sizes, the algorithm use only few 2-grams
for small files such as xargs.1, grammar.lsp and fields.c but it uses most of them
for four larger files. These results show that border between character based
alphabet and 2-grams based alphabet in not strict. It depends on the contents
of the files, size of the files and many other features which confirm the meaning
of this research.

6 Conclusion

This paper describes a new variant of an algorithm for optimization of compres-
sion alphabet. Basic algorithm is based on genetic algorithms. A new variant uses
a Tabu Search method for improving the basic algorithm. The results show that
usage of Tabu Search algorithm slightly improve the compression ratio. More-
over, it leads to faster convergence of the algorithm. Largest average improve-
ment of 0.3% was achieved for Adaptive Huffman Encoding. The improvement
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for Burrows Wheeler and LZW compression algorithm was smaller. The largest
improvements were achieved for larger text files.

This paper also described results of alphabet optimization algorithm on LZSS
compression algorithm. Results show that event for such complex compression
algorithm should be improved using optimal alphabet. The average improvement
was 2%, but it was more than 3% for all longer text files from the corpora.

Future work will be focused on evolving alphabet for group of files. Groups
contain a text document written in some language like German or English, or
it may contain documents from the same author, etc. Moreover, because the
alphabet will be shared between all files in a group, it may contain more sym-
bols. Another branch of future research will be focused on different optimization
technique such as ant colony optimization, simulated annealing, etc. that may
provide better results.
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Abstract. Recently, heart sound signals have been used in the detec-
tion of the heart valve status and the identification of the heart valve
disease. Heart sound data sets represents real life data that contains con-
tinuous and a large number of features that could be hardly classified by
most of classification techniques. Feature reduction techniques should be
applied prior applying data classifier to increase the classification accu-
racy results. This paper introduces the ability of rough set methodology
to successfully classify heart sound diseases without the need applying
feature selection. The capabilities of rough set in discrimination, fea-
ture reduction classification have proved their superior in classification
of objects with very excellent accuracy results. The experimental results
obtained, show that the overall classification accuracy offered by the em-
ployed rough set approach is high compared with other machine learn-
ing techniques including Support Vector Machine (SVM), Hidden Naive
Bayesian network (HNB), Bayesian network (BN), Naive Bayesian tree
(NBT), Decision tree (DT), Sequential minimal optimization (SMO).

Keywords: rought sets, heart sounds, identification, machine learning,
feature reduction, classification.

1 Introduction

The diagnosis of diseases like heart valve diseases using data mining tools is an
essential requirement in daily life. Most of heart valve diseases have an effect on
the heart sound of patients [2]. Classification can be applied to detect whether
the patient’s heart sound signal is normal or not, and also can detect the type of
the heart disease in sick patients. Such approach could be useful in the diagnosis
of heart disease remotely, just by sending a record of the heart signals to a med-
ical back-end system that replies automatically. Also it is considered as a low
cost approach rather than the high cost medical examinations. A computerized
system could provide physicians with suggestions about the diagnostic of the
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diseases. Due to the sensitivity of heart diagnosis results, a high classification
accuracy and performance are required with the least error percentage. After
extracting features from heart sound signals, preprocessing is applied on these
features [3]. The most important preprocessing step is the feature reduction of
the input data set. The data set contain features that are considered as noisy or
irrelevant features, these features could have a negative impact on the classifica-
tion accuracy of the instances - patients. Feature reduction methods are either
feature extraction or feature selection method. Feature extraction method apply
operation on the original features and extract a lower number of features that
carries the same characteristics. Feature selection methods rank and select the
most important features, where if only a subset of features with the highest rank
is used in classification, a higher classification accuracy could be achieved.

The extracted heart sound data are three different data sets, each of 100
features where they are splitted into six different parts. The first data set is
required to classify whether the heart of the patients is normal or not. The
second and third data set is required for the detection of the heart valve disease.
The heart valve diseases under investigation in this paper are aortic stenosis AS,
aortic regurgitation AR, mitral stenosis MS and mitral regurgitation MR. This
disease classification is performed in two steps where the first step is applied on
the second data set for determining the type of the systolic murmur which means
AS or MR, and the second step is applied on the third data set of a diastolic
murmur diseases which means AR or MS. The second importance of feature
selection method is to determine which stage of the heart sound could have the
greatest indication to heart valve disease in the case of each murmur type. The
fourth stages of a heart sound are the first heart signal S1, the systolic period,
the second heart signal and the diastolic period [4].

When a rough sets discretization is applied on disease prediction from the
heart disease data sets, the feature selection is not required due to the Reducts
concept. The rough set produces the highest classification accuracy. Also the
generated rules that are used in classification are also useful to detect some of
the knowledge and facts that exist in the input data set. The rules generate from
the rough set depends on the attributes selected by features like ChiMerge and
information gain methods. The experimental study shows the results of applying
rough set in classification with and without feature selection and also includes
comparison between the classification results of different machine learning meth-
ods and rough set as a classifier. Finally, it shows the rules generated by rough set
and how these rules depends, partially, on features selected by feature selection
methods [5,1].

The rest of this paper is organized as follows: Section 2 reviews the basic
concepts of the heart sound valve diseases and heart sound signals data char-
acteristics. Section 3 discusses in details the proposed system and its phases
including the pre-processing, analysis and rule generating and identification and
prediction. The experimental results and conclusions are presented in Section 4.
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2 The Heart Sound Signals: Data Collection and Its
Characteristics

A lot of research have been applied on heart sound for the detection of heart
valve disease. Features are extracted from the heart sound signal into a data
set that is composed of a number of features. The processing phases result in a
heart sound feature vector consisting of 100 components for each signal. These
extracted features represent the four stages of a heart signal which are S1 signal,
systolic period, S2 signal and diastolic period as shown in Fig. 1. These features
are divided into six groups as follows:

– F1:F4 are the standard deviation of all heart sounds, S1, S2 and average
heart rate.

– F5:F12 represents signal S1.
– F13:F36 represents the systolic period.
– F37:F44 represents signal S2.
– F45:F92 represents the diastolic period.
– F93:F100 the four stage of a heart signal are passed from four band-pass

frequency filters. The energy of each output is calculated to form these last
8 features.

Fig. 1. Heart signal: systolic period and diastolic period [4]

3 The Proposed Rough Set-Based Identification of Heart
Valve Diseases Approach

Fig. 2 illustrates the overall steps of the proposed identification of heart valve
diseases system. It is composed of three consecutive phases, which are elaborated
in the following subsections. These phases are:

– Pre-processing phase. This phase includes tasks such as extra variables
addition and computation, decision classes assignments, data cleaning, com-
pleteness, correctness, feature creation, feature selection, feature evaluation
and discretization.
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– Analysis and rule generating phase. This phase includes the generation
of preliminary knowledge, such as computation of object reducts from data,
derivation of rules from reducts, rule evaluation and prediction processes.

– Identification and prediction phase. This phase utilizes the rules gen-
erated from the previous phase to predict the hart diseases.

Fig. 2. Rough set-based identification of heart valve diseases system

3.1 Pre-processing Phase

Feature Reduction. In the proposed approach, two different feature reduction
methods will be applied and both will give a value to the identification of the
heart valve disease. The first method will depend on ChiMerge feature selection
[6,7,8] for the ranking of features according to their relevance to the class labels.
The reason of using this method is the nature of extracted features of heart
sound, which represents a continuous feature. Nearly most of the feature selec-
tion method discretize the continuous feature which could leads to the distortion
of data and loose of its characteristics and then decrease feature classification.
ChiMerge method determines the Chi-Square χ2 value while performs the dis-
crimination of features which leads to more accurate results. The second method
is a feature reduction using deep belief network [6]. The deep belief network is
applied in a novel way in order to generate a new data set of a reduced number
of features according the partition of the heart signal discussed in the previous
section. An ChiMerge feature evaluation and deep belief network will be used in
the proposed model.
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Discretization Based on RSBR. A real world data set, like medical data
sets, contains mixed types of data including continuous and discrete data. The
discretization process divides the attributes value into intervals [9]. The dis-
cretization based on RS and Boolean Reasoning (RSBR) shows the best results
in the case of heart disease data set. In the discretization of a decision table S =
(U , A

⋂
{d}), where U is a non-empty finite set of objects and A is a non-empty

finite set of attributes. And Va = [xa, xa) is an interval of real values xa, wa in
attribute a. A partitioning Pa of Va for any a ∈ A is required. Any partition of
Va is defined by a sequence of the so-called cuts x1 < x2 < .. < xk from Va. The
main steps of the RSBR discretization algorithm are provided in algorithm 1.

Algorithm 1. RSBR discretization algorithm

Input: Information system table (S) with real valued attributes Aij and n is
the number of intervales for each attribute.
Output: Information table (ST ) with discretized real valued at-
tribute

1: for Aij ∈ S do
2: Define a set of boolean variables as follows:

B = {
n∑

i=1

Cai,

n∑
i=1

Cbi

n∑
i=1

Cci, ...,

n∑
i=1

Cni} (1)

3: end for
Where

∑n
i=1 Cai correspond to a set of intervals defined on the attributes a

4: Create a new information table Snew by using the set of intervals Cai

5: Find the minimal subset of Cai that discerns all the objects in the decision
class D using the following formula:

Υu = ∧{Φ(i, j) : d(xi 
= d(xj)} (2)

Where Φ(i, j) is the number of minimal cuts that must be used to discern
two different instances xi and xj in the information table.

3.2 Analysis and Rule Generating Phase

Unseen instances are considered in the discovery process, and the uncertainty
of a rule, including its ability to predict possible instances, can be explicitly
represented in the strength of the rule. The quality of rules is related to the
corresponding reduct(s). We are especially interested in generating rules which
cover largest parts of the universe U . Covering U with more general rules implies
smaller size of a rule set. The main steps of the RSBR discretization algorithm
are provided in algorithm 2.
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Algorithm 2. Rule generation and classification

Input: reduct sets Rfinal = {r1 ∪ r2 ∪ .... ∪ rn}
Output: Set of rules

1: for each reduct r do
2: for each corresponding object x do
3: Contract the decision rule (c1 = v1 ∧ c2 = v2 ∧ .... ∧ cn = vn) −→ d = u
4: Scan the reduct r over an object x
5: Construct (ci, 1 ≤ i ≤ n)
6: for every c ∈ C do
7: Assign the value v to the corresponding attribute a
8: end for
9: Construct a decision attribute d

10: Assign the value u to the corresponding decision attribute d
11: end for
12: end for

Identification and Prediction Phase. Classification and prediction are the
last phases of our proposed approach. To transform a reduct into a rule, one
only has to bind the condition feature values of the object class from which the
reduct originated to the corresponding features of the reduct. Then, to complete
the rule, a decision part comprising the resulting part of the rule is added. This
is done in the same way as for the condition features. To classify objects which
have never been seen before, the rules generated from a training set will be
used. These rules represent the actual classifier. This classifier is used to predict
to which classes the new objects are attached. The nearest matching rule is
determined as the one whose condition part differs from the feature vector of
the re-object by the minimum number of features. When there is more than one
matching rule, we use a voting mechanism to choose the decision value. Every
matched rule contributes with votes to its decision value, which are equal to
the t times number of the objects matched by the rule. The votes are added
and the decision with the largest number of votes is chosen as correct class.
Quality measures associated with decision rules can be used to eliminate some
of the decision rules. The global strength defined in [10] for rule negotiation is
a rational number in [0, 1] representing the importance of the sets of decision
rules relative to the considered tested object.

Let us assume that T = (U ;A
⋃
d) is a given decision table, ut is a test object,

Rul(Xj) is the set of all calculated basic decision rules for T , classifying objects

to the decision class Xj(v
j
d = vd),MRul(Xj;ut) ⊆ Rul(Xj) is the set of all

decision rules from Rul(Xj) matching tested object ut. The global strength of
the decision rule set MRul(Xj;ut) is defined as given in [10]. The measure of
the strengths of the rules defined above is applied in constructing classification
algorithm. To classify a new case, matching rules are selected to the new object.
The strength of the selected rule sets is calculated for any decision class, and
then the decision class with maximal strength is selected with the new object
being classified to this class.
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4 Experimental Results and Discussion

4.1 The Heart Sound: Data Sets Characteristics

The identification of heart valve diseases proposed system were applied on three
different data sets of heart sound signals with number of instances in every class.
The first data set ”HS AS MR” consists of systolic diseases where it contains
37 instances of aortic stenosis AS cases and 37 instances of mitral regurgita-
tion MR cases. The second data set ”HS AR MS” constains diastolic diseases
where it contains 37 instances of aortic regurgitation AR cases and 37 instances
of mitral stenosis MS cases. The third data set ”HS N S” contains 64 instance,
where 32 instances represent healthy patients and the other 32 represents un-
healthy, murmur diseased patients.

4.2 Comparison between Different Classifiers and the Proposed
Algorithm

Table 1 illustrates that the overall rough sets classification accuracy in terms
of sensitivity and specificity compared with Hidden Naive Bayesian network
(HNB), Bayesian network (BN), Naive Bayesian tree (NBT), Decision tree (DT)
and Sequential minimal optimization (SMO). Empirical results reveal that the
proposed rough set approach performs better than the other classifiers.

4.3 Analysis on the Generated Reducts to Explain the Results

Now lets take a deep look to the reasons the leads to such good results. For each
data set, we reach the minimal number of reducts that contains a combination
of attributes which has the same discrimination factor for each data set. Table 2
shows the final generated reducts for each data set, which are used to generate
the list of the rules for the classification.

Table 1. Accuracy results: Comparative analysis among Hidden Naive Bayesian net-
work (HNB), Bayesian network (BN), Naive Bayesian tree (NBT), Decision tree (DT),
Sequential minimal optimization (SMO)

Classifier HS AS MR HS AR MS HS N S
SVM 90.54 90.54 85.93
HNB 90.54 91.89 90.625
BN 86.48 83.78 84.37
DT 89.18 83.78 82.81
SMO 93.24 94.59 87.50
NBT 87.83 89.18 89.06
RS 92.90 97.1 90.0
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Table 2. Rough reducts sets of the three data sets

Data type Reduct sets
HS AR MS 3, 8, 31, 38,82
HS AS MR 3, 6, 36,39
HS N S 1, 9, 87, 94, 97

In order to evaluate the proposed rough sets classifier, lets discuss the reducts
in comparison to the feature selection using Chimerge approach and find the
results of the classifiers after feature selection for each data set.

HS AR MS. The selected features by the Chimerge approach are ordered as
follows:
{F32,{F31},F30,F29,F100,F28,F33,F27,{F3},F5,
F4,F49,F48,F45,F46,F50,F25,F26}.

The classification accuracy of DT and SVM after feature selection are 83.9
and 92.0, respectively, where these results are still less than that of rough set
accuracy results as shown in Table 1. Also, it noticed that the selected features
includes feature F36 and feature F3, where feature F36 is the most important
features.

HS AS MR. The selected features by the Chimerge approach are ordered as
follows:
{{F36},F13,F12,F14,F15,F35,F4,F2,F18,
F17,F11,{F3},F92,F5,F16,F20,F19,F23,F21,F93,
F95,F10,F1,F94,F24,F28,F37,F25,F41,F29,F100,
F54,F22,F40,F26,F88,F55,F96}.
The classification accuracy of DT and SVM after feature selection are 89.0 and
94.5 respectively where these results are still less than that of rough set accuracy
results as shown in Table (4). Also, it noticed that the selected features includes
feature F31 and feature F3, where feature F31 is the second most important
features.

HS N S. The selected features using the Chimerge approach are ordered fol-
lows:
{F54,F58,F53,F65,F64,F67,F59,{F97},F61,F70,F96,
F98,F55,F60,F66,F51,F52,F49,F62,F63,F23,F22,
F45,F50,F2,F56,F57,F71,F28,F27,F24,F26,F25,
F47,F46,F99,F21,F72,F68,F69,F3,F75,F73,F92,F48,
{F87},F7,F76}. The classification accuracy of DT and SVM after feature selec-
tion are 83.3 and 90.9 respectively where these results are still less than that of
rough set accuracy results as shown in Table 1. Also, it noticed that the selected
features includes feature F97 which is element in the Reduct set.
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5 Conclusions

Heart sound data sets represents a real life data that contains continuous at-
tributes and a large number of features that could be hardly classified by most
of classification techniques. This paper introduces the ability of rough set theory
to successfully classify heart sound diseases without the need applying feature
selection. Discretizing the raw heart sound data and applying a feature reduc-
tion approach should be applied prior any classifier to increase the classification
and prediction accuracy results. The experimental results obtained, show that
the overall classification accuracy offered by the employed rough set approach
is high compared with other machine learning techniques including Support
Vector Machine (SVM), Hidden Naive Bayesian network (HNB), Bayesian net-
work (BN), Naive Bayesian tree (NBT), Decision tree (DT), Sequential minimal
optimization (SMO).
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Abstract. This study presents a novel hybrid classifier method to obtain the 
best parameters of a PID controller for desired specifications. The study 
presents a hybrid system based on the organization of existing rules and 
classifier models that select the optimal expressions to improve specifications. 
The model achieved chooses the best controller parameters among different 
closed loop tuning methods. The classifiers are based on ANN and SVM. The 
proposal was tested on the temperature control of a laboratory stove. 

Keywords: Hybrid classifier, PID, closed-loop tuning, intelligent control.  

1 Introduction 

This study describes a hybrid classifier to obtain the controller parameters based on 
PID (Proportional-Integral-Derivative) closed-loop tuning. Although the PID controller 
is one of the most traditional types of controller, researchers are still working to 
improve its behaviour and performance [1-11]. There have been several studies with 
the same objective, but they have always been oriented to a specific system [5, 9, 11]. 

Nevertheless, there are many controllers operating well below the optimal state [14], 
overcoat controllers that are not self-tuning. It has therefore become critical to achieve 
new ways to solve this problem. Many studies related to the PID controller try to either 
establish optimal parameters according to the plant, or achieve self-tuning controller 
topologies [11, 12, 13].  

The proposed topology described in this research has two phases. The first phase 
obtains characteristics of the plant response, while the second is applied to achieve the 
controller parameters by means of a hybrid classifier. The proposal makes it possible to 
achieve an intelligent topology with satisfactory results. The proposed topology only 
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contemplates techniques with hard and previously tested implantation in the industry. 
One of the aims of the implementation of the hybrid classifier is to contemplate the 
largest number of possibilities. 

This study is organized as follows: section 2 provides a brief description of the 
general model; section 3 describes the tuning controller topology and briefly reviews 
the PID controller tuning in a closed-loop. Section 4 describes the hybrid classifier, 
section 5 presents empirical verification, and finally, section 6 provides conclusions 
and suggests future works. 

2 Steps to Obtain the Best Plant Controller Parameters 

The procedure to obtain the best plant controller parameters to improve a given 
specification is illustrated in figure 1. 

 

Fig. 1. Flowchart to obtain controller parameters 

As shown in figure 1, the first step in obtaining the best combination of the plant 
controller parameters involves a test signal generator. The test signal is then applied 
to the system. The next step is to measure the response characteristics. The best 
combination of the plant controller parameters is obtained by using the characteristics 
as input to the hybrid classifier, which supplies the controller with its parameters. In 
general terms, the hybrid classifier can be represented by the illustration in figure 2, 
where models based on rules [14-19] and machine learning techniques, such as 
Artificial Neural Networks (ANN) [24, 25] and Support Vector Machine [21, 22], are 
applied. After comparing the results, the best ones are chosen. 

 

Fig. 2. Model final structure 
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3 Tuning Controller Topology Based on Hybrid Classifier 

The topology proposed in this study is shown in figure 3. The following subsections 
describe the different aspects of the proposed topology. 

 

Fig. 3. Tuning controller topology 

3.1 PID Controller Format 

There are several topologies for PID controllers, but in this study the standard format 
represented in equation 1 is used [14, 15]. 
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where ‘u’ is the control variable and ‘e’ is the control error given by ‘e = SP – y’ (the 
difference between the set point ‘SP’ and conditioned output ‘y’). The other terms are 
the tuning controller parameters: proportional gain ‘K’, integral gain ‘Ti’ and derivate 
gain ‘Td’. 

3.2 PID Controller Tuning in Closed-Loop 

General Procedure to Calculate Parameters. Two steps are necessary to obtain the 
controller tuning parameters in a closed loop: 

• It is first necessary to set the system response to a permanent state of 
oscillation. Certain characteristics of the response must then be measured. 

• According to the information gathered from the plant response, appropriate 
expressions must be applied to obtain correct controller parameters for the 
desired specifications. 
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Obtaining Response Characteristics in a Closed-Loop. Different methods can be 
used to obtain the controller parameter conditions. The present study uses the relay-
feedback method proposed by Aström and Hägglud [14]. The results are very similar 
to those obtained by the traditional method proposed by Ziegler-Nichols [16]; 
however, the former offers some very important advantages, such as: 

• The system operation is not nearly as unstable. 
• The tuning process can be carried out at any time for any working point. 

The implementation scheme of relay feedback is shown in figure 3 (switches ‘1’ to 
another position). A relay with hysteresis centred on a zero value with an amplitude d 
and a hysteresis window of width h is recommended for the general method. 

The system oscillation has a period (Tc) with approximately the same as the Ziegler-
Nichols method. The critical gain (Kc) of the process is obtained with equation 2, 
where a is the peak-to-peak value of the oscillation. 

22

4

ha

d
KC

−
=

π                                                                   

(2) 

Obtaining Controller Parameters with Formulas. After obtaining the Tc and Kc  
from the previous step, the controller parameters can be calculated. Many expressions 
have been developed by different authors [14, 16-19] with the aim, among others, of: 

• Improving a particular specification of the system controlled response. 
• Making the system robust to a particular criteria (Load Disturbance or Set 

Point Criteria) 

There are several studies [14-19] that have developed different expressions. Even 
control equipment manufacturers have developed their own expressions according to 
their products line. 

In this study, four methods (table 1) were taken into account: Ziegler-Nichols, 
Ziegler-Nichols some overshoot, Ziegler-Nichols without overshoot, and Tyreus-
Luyben [16-19]. All of them are for Load Disturbance rejection criteria. 

Table 1. Expressions of Controller parameters 

 Kp Ti Td Appl. Range 

Z-N 0.6 x Kc 0.5 x Tc 0.125 x Tc 2<k·Kc<20 

Z-N Some Ov. 0.33 x Kc Tc / 2 Tc / 3 2<k·Kc<20 

Z-N Whitout Ov 0.2 x Kc Tc Tc / 3 2<k·Kc<20 

Tyreus-Luyben 0.45 x Kc 2.2 x Tc Tc / 6.3 2<k·Kc<20 

4 Hybrid Classifier Proposal 

The proposed hybrid classifier is a fusion of rules and intelligent classification 
techniques. It can be divided into two different blocks: 
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• Knowledge of existing rules (1st block). The aim of this block is to organize 
different rules for application ranges, authors expressions, criterions, and so 
forth. 

• Intelligent classifiers (2nd block). This part of the model selects the most 
appropriate expressions to obtain the controller tuning parameters. 

In general terms, this novel hybrid intelligent classifier selects the best tuning 
parameters, according to the system and the desired specifications of operation. 

The next two subsections describe the hybrid model. The first shows the flowchart 
used to select the intelligent classifier. The second provides details of the classifiers. 

4.1 Flowchart of Knowledge of Existing Rules 

After applying different methodologies of PID controller tuning in closed-loop, it is 
possible to obtain a flow-chart, as shown in figure 4. Many PID tuning rules in closed 
loop were taken into consideration to create this diagram, with the aim of achieving a 
generalized knowledge of the field. The following paragraphs explain the diagram in 
greater detail. 

 

Fig. 4. Flowchart of knowledge of existing rules 

The flowchart is based on the premise that the plant engineer can set the system 
operation in sustained oscillation. As explained in section 3 there are several 
techniques to perform PID controller tuning in closed loop. The Relay-Feedback 
method is the most robust, making it possible to achieve better results. It is then 
necessary to determine if the system can achieve the sustained oscillation. If it is not 
possible, then this method cannot be applied to tuning in closed loop. Otherwise, with 
the system in this state it is necessary to calculate Tc and Kc parameters. 



682 J.L. Calvo-Rolle et al.  

With Tc and Kc values it is possible to obtain the K.Kc indicator, where K is the 
gain of the process. This indicator, among other functions, defines the best expressions 
to achieve the desired system response. 

The model must be able to know if the value of K.Kc is infinite or not. It is then 
possible to follow the flowchart in two ways: 

• When K.Kc is not infinite, the operators must decide if they want to use all the 
expressions anyway. If this is not the case, the closed loop tuning is not 
applicable for the contemplated expressions; otherwise, it is possible to use the 
Classifier 1. 

• When K.Kc is infinite, the operator must find out if the system is unstable. If 
it is unstable, closed loop tuning is not applicable. This means that the system 
has an integrator in its transfer function. It is then possible to use the 
Classifier 2. 

4.2 Classifiers to COMPLETE the Model 

As shown in figure 4, with an organization of set rules, there are two blocks 
corresponding to the intelligent classifiers (1 and 2). Three techniques were applied to 
create these blocks: decision tree, artificial neural networks (ANN) and support vector 
machines (SVM). The following paragraphs describe the formulation of the model. 

Model Input. As seen in the flowchart of figure 4 and its description, K,Kc is a very 
important indicator. It defines, for instance, the application range of expressions. In 
all classifiers that were created, K.Kc was the input defining the system type, the 
system dynamics and, consequently, its controllability. 

Dataset for Model Creation. As in other studies, it is necessary to select 
representative systems with the objective of generalizing the model as much as 
possible. Consequently, this study is based on [20]. This research includes a list of 
very representative systems, where all real systems behave in a similar fashion. 

There is a problem with the initial dataset, which is that the K.Kc values of the 
initial systems have very close values; however the last systems have widely 
separated values. For this reason, many systems were created to solve the problem. To 
this end, a delay time is added to the 1th and 2nd order systems with Pade 
approximation [14]. Thus, a difference in the K.Kc values between consecutive 
systems is achieved, less than that of the unit. Finally 1704 systems were obtained to 
implement the classifiers. The systems obtained are balanced by controller parameter 
expressions. 

Systems Specifications for Each Expression. Each system is tested with the four 
expressions contemplated in table 1. Four specifications are then tested for system 
response to step input: response time (Tr), settling time (Ts), overshoot (Ov) and peak 
time (Tp). As a result, it is possible to obtain the expression that gives the best 
specification value. The present study used the following tuning methods: Z&N 
(Ziegler-Nichols), Z&N wOv (Ziegler-Nichols Whitout Overshoot), Z&N sOv 
(Ziegler-Nichols some Overshoot), T&L (Tyreus-Luyven). 
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Classification Techniques Analyzed to Complete the Model. Three techniques 
were taken into account to complete the model: 

• Decision tree using the J48 learning algorithm: One of the classification 
methods contemplated in this research is the decision tree [23-25]. The 
decision tree approach is one of the most common approaches in automatic 
learning and decision making. The true purpose of decision trees is to classify 
the data into different groups, according to the dependent variable [23]. The 
decision trees were obtained by using the J48 algorithm [23, 26, 27]. The J48 
algorithm was chosen because of its superior performance in most 
circumstances [27]. 

• Multilayer Perceptron (MLP): A multilayer perceptron is a feed forward 
artificial neural network [28]. It is one of the most typical ANNs due to its 
robustness and relatively simple structure. However the ANN architecture 
must be well selected to obtain good results. 

• Support Vector Machine (SVM): is a concept used in statistics and computer 
science for a set of related supervised learning methods that analyze data and 
recognize patterns. It is used for classification and regression analysis [21, 22] 
and trains a classifier by finding an optimal separating hyperplane which 
maximizes the margin between classes of data in a kernel-induced feature space 
[21, 22]. 

Classification Results. For each specification (response time, settling time, overshoot 
and peak time) a classifier was created. Each set of expressions was categorized as 
follows: 

• Class A: Z-N. 
• Class B: Z-N Some Ov. 
• Class C: Z-N Whitout Ov 
• Class D: Tyreus-Luyben 

Five different parameters were used to measure performance: Sensitivity (SE), 
Specificity (SPC), Positive Prediction Value (PPV), Negative Prediction Value (NPV) 
and Accuracy (ACC) (see equations from 3 to 7 respectively). 
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where TP is the number of True Positive, TN is the number of True Negative, FN is 
the number of False Negative and FP is the number of False Positive. 

Table 2. Percentage of correct classification for two Classifier Models 

Model data Training data 
Response Time (Tr) Overshoot (Ov) 

J48 MLP SVM J48 MLP SVM 
Classifier 1 1704 81 93 95 83 92 94 
Classifier 2 1704 78 94 96 86 95 93 

Model data Training data 
Settling Time (Ts) Peak Time (Tp) 

J48 MLP SVM J48 MLP SVM 
Classifier 1 1704 87 94 91 79 91 93 
Classifier 2 1704 83 94 93 80 93 95 

Table 3. Confusion Matrix for classification rate of Ov of Classifier 2 using MLP 

  Method chosen by model 
Desired 
Method 

A B C D 

A 399 9 15 3 
B 9 401 6 10 
C 10 18 383 15 
D 17 12 19 378 

     

TP 399 401 383 378 
TN 1242 1239 1238 1250 
FP 36 39 40 28 
FN 27 25 43 48 

     

SE 0,937 0,941 0,899 0,887 
SPC 0,972 0,969 0,969 0,978 
PPV 0,917 0,911 0,905 0,931 
NPV 0,979 0,980 0,966 0,963 
ACC 0,963 0,962 0,951 0,955 

In all cases k-fold cross-validation was used to split the dataset into a reasonable 
value that obtains good results. The k value is 10 for all models. For the decision tree 
classification the algorithm chosen was J48, which has the following configuration 
parameter values: 0.25 for the confidence threshold for pruning, and 2 for the 
minimum number of instances per leaf. In the case of MLP, tests were performed with  
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2 and 3 hidden layers, with the second value providing the best results. The number of 
neurons in hidden layers is within the range of 10-15. The activation functions tested 
in the hidden layer were: log sigmoid and tangent sigmoid. The tangent function 
achieved the best results. The activation function of the output layer is the log 
sigmoid. The Winner Take All (WTA) technique was used to obtain the class 
provided by the MLP output. For SVM the selected kernel was the Gaussian radial 
basis function. For this technique, 15 different values were assigned for parameter γ (in a 
range from 2-12 to 23) and 17 different values for parameter C (from 2-5 to 212). A total of 
255 (15x17) different combinations of parameters were taken into account. 

Table 2 shows the percentage of correct classification using the previously 
mentioned techniques for the two classifiers. In each case, the selected classifier is the 
one that achieves the best percentage of correct classification (table 2 values in bold). 

For all the cases considered in table 2, the best configuration for each technique 
used was selected. The confusion matrix was created in each case. An example of 
confusion matrix is shown in table 3 where Overshoot (Ov) is tested for Multi Layer 
Perceptron case. 

5 Empirical Verification with a Physical Plant 

An empirical verification of the Hybrid Classifier presented in this study was 
performed at a laboratory plant (figure 5) in which the temperature is controlled by 
adjusting the power provided to the heater element inside. 

5.1 The Physical Description 

The temperature variable depends on the following parameters: T1(t) is the 
temperature measured outside the stove; V is the air volume in the stove; SP(t) is the 
set point for the desired temperature; T2(t) is the measured temperature in the 
recipient; u(t) is the signal control to operate the heating element; Kv and Kt are 
constants related to the features of the heating element properties and the temperature 
sensor respectively. 

5.2 Implementation of the Control 

The test was performed in the Labview® environment. For operations at the plant, a 
National Instruments data acquisition card (model USB-6008 12-bit 10 KS /s 
Multifunction I/O) was chosen. The diagram of the process is implemented in 
Labview® editor with the control Scheme shown in figure 6. Different gain blocks 
were added to adapt signals to all operation range.  

It was necessary to add a filter block with an edge frequency of 1.5 rad/sec (9.5Hz) 
in order to reduce noise from the analog input. Using a switch it is possible to select 
either a PID control or Relay-Feedback configuration. Figure 7 shows the internal 
implementation of a PID block. PID controller gains (Ti, Td, and Kp) are 
programmed manually.  
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Fig. 5. Photograph and scheme of the real plant 

 
Fig. 6. Control scheme implemented in Simulink 

 
Fig. 7. PID block internal scheme 

5.3 Practical Behavior of Hybrid Classifier Application onto the Plant 

Some tests were performed on the physical system previously described in section 
5.1, with the aim of checking the behavior of the novel Hybrid classifier model. 

If the hybrid classifier is applied to the physical system with a set point of 35 ºC 
and the temperature outside is 20 ºC, the expressions chosen are Tyreus-Luyben. The 
system response with a step input for the working point of the design is shown in 
figure 8. Figure 9 shows the response with a step input for a traditional Ziegler-
Nichols method in closed loop. As seen in these figures, the hybrid classifier model 
takes the best expressions contemplated in this study to achieve the best overshoot. 
Perturbations are introduced in both cases, first with the fan and then with the heating 
element “A”, both of which are included in the stove. Comparing figures 8 and 9, it is 
apparent that the first method (from the hybrid classifier) is more robust.  
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Fig. 8. System response with method from Hybrid Classifier 

 

Fig. 9. System response with traditional Ziegler-Nichols method in closed-loop 

6 Conclusions 

A Hybrid Classifier was presented in this study, and tested with a practical application 
where a PID controller was used. The best advantage offered by the method is that it 
ensures the most appropriate selection of the contemplated expressions in order to 
obtain the PID controller parameters. 

It should be noted that the novel model is easy to expand to other system types, such 
as: level control, pressure control, humidity control, and so forth. At that point, it is 
only necessary to contemplate the new systems in order to create the Hybrid 
Classifiers. The rest of the model is completely valid. 

With the aim of obtaining the best results, more than one technique was taken into 
account. The final classifier, among the typical rules of PID controller, includes two 
techniques in the final stage (ANN and SVM), according to where they achieve the 
best results. 

Several future research lines will be considered, two of which are of particular 
importance. Firstly it is necessary to consider the responses of the physical plant in 
creating the hybrid classifier. The other important future research line is to perform 
tests with real industrial plants and include them in the adaptive mechanism model in 
order to create a more versatile the tool. 
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Abstract. The outgrowth of technology in geographical databases has enhanced 
the growth of spatial databases, to deal with such enlarging databases scientists 
are laying down enormous efforts that can efficiently process these databases. 
Spatial data mining techniques has been collaboratively applied to extract impli-
cit knowledge from spatial as well as non-spatial attributes. These techniques 
are efficiently applied in several fields such as healthcare, environmental, mar-
keting and remote sensing databases to improve planning and decision making 
process. In this paper, we have designed and implemented SpaGRID frame-
work for detection of spatial clusters. The framework has unprecedented effi-
ciency to extract implicit knowledge of spatial data, due to its  accessibility to 
handle and discover hidden patterns from spatial databases. We have also illu-
strated the usage of spatial variations among the United States men with preva-
lence of prostate cancer disease. The data of age group was taken from (15-65+) 
years in this group prostate cancers were examined and several stages of disease 
diagnosis was taken into account. The population of data was  characterized by 
white, black and others were too small to be taken into account. Numerous chal-
lenges were encountered due to complexity of spatial datasets hence   being 
resolved by certain statistical measures. The approach is to discover knowledge 
from spatial databases and design different aspects of knowledge discovery 
process from spatial databases. 

Keywords: SpaGRID, Spatial Data, Spatial clustering, Octree data structure.  

1 Introduction 

Large number of techniques has been employed for mining of spatial databases. Tra-
ditional data mining techniques were not capable to deal with spatial data [10]. Hence, 
we require an appropriate mining technique to retrieve hidden relevant information 
from high dimensional spatial databases. Spatial data mining can be called as an ex-
tended version of data mining techniques which are capable to handle store and mani-
pulate high dimensional spatial datasets. 
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A spatial database can be defined as platform to understand the relation between 
spatial as well as non-spatial attributes [14], [16], [17], [18]. Spatial attributes consists 
of data related to geographical values such as longitude, latitude zip code; whereas 
non-spatial attributes include temperature, height, weight, marital status, etc. The spa-
tial databases can be collected from various sources such as geographic maps,  
satellite images, remote sensing, census database and climate or weather database.  

Spatial data mining techniques were evolved to extract knowledge from high dimen-
sional spatial data sets. The application of spatial data mining can be extensively stu-
died in several research areas such as medical analysis, Geographic Information  
Systems (GIS), business analysis, artificial intelligence and several market survey 
related to geographical location [14], [35], [38]. Artificial intelligence and spatial data 
mining methods can be linked together to constitute for evaluating, monitoring and 
decision making process [36]. To detect patterns from high dimensional spatial data-
sets several spatial data mining techniques are categorized such as: spatial association, 
spatial clustering, spatial trend detection and spatial classification [1], [4]. The existing 
challenge in spatial data mining techniques is to discover mining algorithms to re-
trieve complex spatial datasets for accessing processes. The contribution of our work 
focuses in the field of spatial data mining, especially spatial clustering.  

The spatial data mining tasks has being extensively studied in past decade for variety 
of medical domains to improve medical diagnosis [37]. This paper provides some facts 
on prostate cancer disease. The prostate cancer is among the leading cause of deaths 
among the United States men (Center for Disease Control, 2001). The ongoing study 
focuses on spatial variation of prostate cancer diagnosis for year (1992-1997). The 
data were collected and substantial distribution was found for individual case 
attributes, including age, race, year of diagnosis and geographical location of patients 
were examined. The proposed framework will help in strategic decision making for 
healthcare practioners. 

The rest of the paper is organized as follows. Section 2 briefly discusses literature 
survey of several spatial data mining techniques for detecting patterns. In Section 3, 
we discuss the proposed SpaGRID framework for detecting clusters in three dimen-
sional grid structures. Section 4 describes the overall relevance of spatial data struc-
ture for retrieval of information from SpaGrid framework with its implementation 
details. In Section 5 experimentation results were conducted on different spatial data-
sets for retrieval of clusters and conclusion is finally referred in last Section. 

2 Related Works 

Spatial clustering can be defined as process to group the data according to similarity 
between the spatial objects. It generally exists in two or more dimensional, as com-
pared to traditional data clustering algorithms. The objective of spatial clustering 
algorithm is to maximize intra cluster similarity and minimize inter cluster similarity; 
it generally involves a criterion to measure similarity among data objects within clus-
ter. Several statistical measures are applied such as Euclidian formula, mahalanobis 
distance to measure the similarity among objects inside the cluster. Application of 
spatial clustering techniques can be utilized in several domain areas such as medical 
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databases, marketing, education sector, galaxy clustering, remote sensing, micro array 
data and several other research areas. To discover clusters of different shapes several 
clustering algorithms exists such as: partitioning method, hierarchical method, densi-
ty-based method and grid-based method [13], [19].  

Partitioning based approach is the most popularized clustering technique developed 
to cluster data objects based on similarity. There are several preexisting partitioning 
based algorithms such as K-means, K-Medoids method, K-medoids also include Par-
titioning Around Medoids (PAM), Clustering Large Applications (CLARA) [12] and 
Clustering Large Applications based upon Randomized Search (CLARANS). The 
clustering technique which decomposes the data sets into the form of tree is known as 
hierarchical based clustering. They are generally classified into two approaches such 
as Agglomerative (AGNES) [12] and Divisive (DIANA) [12] approach. The algo-
rithms existing under hierarchy are Clustering Using Representatives (CURE) [5], 
ROCK [7], Balanced iterative reducing and clustering using Hierarchies (BIRCH) [8] 
and CHAMELEON [11]. 

In density based algorithms data sets are merged according to density of object in 
space. The density based clustering algorithm discovers clusters of arbitrary shape. 
There are different types of density based clustering algorithms such as Density Based 
Spatial Clustering of Applications with Noise (DBSCAN) [3], [19], Ordering Points 
to Identify Clustering Structure (OPTICS) [2], Clustering Based on Density Distribu-
tion Function (DENCLUE) [9] and Distribution Based Clustering of Large Spatial 
Databases (DBCLASD) [4]. 

Grid based clustering method helps to determine the clusters of arbitrary shape us-
ing grid as a data structure. The existing grid based algorithms are Statistical based 
information grid (STING) [16], WaveCluster [15], CLIQUE [1], and Merging of 
Adaptive Intervals Approach to Spatial Data Mining (MAFIA) [6]. 

3 SpaGRID: A Spatial Grid Framework for High Dimensional 
Medical Databases 

The outgrowth of technology in geographical databases has enhanced the growth of 
spatial medical databases, to deal with such enlarging databases the scientists are 
laying down enormous efforts that can efficiently process these databases. The optim-
al challenge is to create a unique environment with human interference and  
computational technology to discover effective and efficient spatial clusters for know-
ledge discovery process. To address issues related to discovery of integrated envi-
ronment for retrieval of spatial clusters. A framework is designed to discover spatial 
clusters from high dimensional spatial medical databases. Figure.1, represents a Spa-
GRID framework for spatial abstraction of data, to retrieve clusters of variant shapes.  

Given high dimensional spatial datasets as D, which is combination of spatial as well 
as non-spatial attributes S <s1,s2,,s3, …, sk> collected over time interval T < t0,t1,t2,t3, 

…, tn>, where each data sets are collected and stored in D for certain specific time 
interval. The incremental Di is subjected to the data mining algorithm resulting in 
discovery of spatial clusters. The proposed SpaGRID framework is a process to  
extract hidden interesting spatial clusters from high dimensional data using domain 
expert knowledge.  
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Usually high dimensional medical databases consists of multiple features which 
can be irrelevant for decision making; to handle such enlarged datasets feature selec-
tion technique is applied to find relevant subsets for spatial clustering approach. The 
first approach lay down focus on feature selection algorithms that falls into sev-
eral categories such as (1) the filter approach, (2) the wrapper approach and (3) Em-
bedded approach, [23], [22], [20]. The extracted features are now free from meaning 
less and redundant, [20], [23], [24] data and can be efficiently accessed by spatial clus-
tering algorithms.  

The second step focuses on determination of relevant spatial indices for storage 
and retrieval of high dimensionality of data. Spatial data structures are efficiently 
applied on to the grid to fetch the relevant data and detect several useful patterns with 
help of algorithms for decision making process. In past several spatial data structures 
have being studied for storage and retrieval of high dimensional data by, [21], [25], 
[26]. Our   approach focuses on octree as a spatial hierarchy data structure for re-
trieval and indexing of high dimensional data.  

The upper layer of framework is subjected to spatial clustering algorithm where 
combined approach of hierarchical and grid based clustering technique is applied to 
extract meaningful spatial patterns from the concerned knowledge of expert as earlier 
knowledge discovery process are relevant to user at specific time.  The goal of current 
framework is to develop an integrated approach to detect spatial pattern from efficient 
and effective data mining techniques for exploration of complex large and high di-
mensional spatial datasets. The research focuses on spatial clustering technique to 
discover unknown hidden clusters from spatial medical databases. 

Feature Selection Techniques

3 DGRID
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Fig. 1. SpaGRID: A Spatial Grid Framework 
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3.1 Feature Selection Techniques 

The large amount of databases usually contain noise or irrelevant features such  
exceptionality of data can cause serious problems for analysis of data. Under such 
circumstances, we require an appropriate technique to select relevant features for 
analysis. The data mining technique such as feature selection is able to deal with dis-
crimination between relevant and irrelevant features of datasets. There are several 
theoretical and empirical evidence which proves, that learner’s performance starts to 
degrade in presence of irrelevant features, [24]. 

In past several feature selection algorithm have being proposed for supervised 
learning, rather than unsupervised. The fact behind less development in unsupervised 
feature selection is due to absence of class labels that can relatively search for effi-
cient information. The relative criterion is to determine relevant features from large 
databases which finally depend upon evaluation of algorithm applied for retrieval of 
efficient   subsets. The feature selection algorithms are generally divided into three 
categories such as filter approach, wrapper approach and embedded approach, [22], 
[27]. 

The filter approach is more efficient while handling high dimensional data. The 
evaluation begins while determine relevant features and then applying clustering algo-
rithm. We can also say that filter approach first determines the relevant features and 
then clustering algorithm works with pre-selected features. These techniques are effi-
cient applied for real world application domain for retrieval of efficient patterns. The 
Laplacian Score method is filtering process in which features are selected according 
to locality using weighted nearest neighbor graph, [29]. In wrapper approach the re-
levance of each feature is determined by specific clustering algorithm on the subset of 
datasets. These algorithms usually scale data in low dimensional space. Hence nu-
merous clustering algorithms have being approached wrapper approach such as K-
means, K-medoids where features are accessed by clustering algorithm for appropri-
ate index, [28]. 

Definition 1.  

The process of feature selection can be called as subset of datasets which satisfies the 
original data  

'H H⊂  

where 'H represents subset features reduced from original data set H and output of 
features are determined from 'H  

Feature selection can be considered as preprocessing step to analyze and reduce the 
dimensionality of data, it proves to be essential step for retrieval of subsets from large 
databases. It can be defined as unsupervised learning technique but can be applied 
with supervised technique for retrieval of data. A key component to extract relevant 
patterns depends upon the dimensionality of data; it plays vital for determination of 
learning process. Learning process gets simplified and faster if extracted data has low 
dimension. Hence it increases the accuracy of algorithm.  
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Several feature selection approaches rely on the expert to determine the application 
problem domain with attributes; certainly the focus is to retrieved features or subset of 
data from original datasets to derive relevant attributes for data analysis, [30]. Several 
researchers in past has proved that usage of feature selection improves the perfor-
mance of algorithms, prediction of data analysis, it reduces the computation cost and 
requirements, reduction in the storage space for high dimensional data, the perfor-
mance of classifier improves as the error rate reduces down and easy understanding of 
model by expert has proven to certain benefits of feature selection technique, [20]. 

There are several other techniques applied to deal with high dimensionality of data 
reduction such as Principal Component Analysis (PCA) where the original data sets 
get reduced to low dimensional by converting itself into several other lower dimen-
sions, these techniques can be useful for reducing the dimensionality but have certain 
constraints on clustering such as new dimensional can cause problems for domain 
expert to access the newly developed clusters with different dimensions and hence 
can cause expert to make improper decision making for the analysis of data. 

3.1.2   Feature selection for Unsupervised Learning  
As we know that data is progressively increasing from all sources, due to increase in 
computational world, constant high demand is to process the data for analysis and 
retrieve of knowledge. Feature selection techniques are primary applied to retrieve  
subset of data from raw data to find evitable patterns from it. Several feature selection 
techniques have being developed in past for supervised learning algorithm rather un-
supervised algorithms, [31]. The supervised learning algorithm predefines the class 
before the retrieval of information, [4].  

The unsupervised learning algorithms are difficult to implement as there are no 
predefined class in beginning. In literature we discussed several feature selection 
approaches such as filter and wrapper approach, to retrieve relevant subsets of fea-
tures. Wrapper approach focuses on feature subsets, where the constant efforts are 
raised to investigate specific clustering algorithm on these subsets, subsets are re-
trieved by conducting several searches through feature space. These algorithms work 
efficiently for low dimensional data, whereas filter method works more efficiently for 
high dimensional data. Filter approach first implies certain properties then remove 
irrelevant features, before the clustering methods are finally applied. Recently many 
studies are conducted in field of unsupervised clustering to find the optimal subsets of 
features, [28]. The prime focus of these clustering algorithms is to retrieve informa-
tion through specific clustering algorithm and finally find optimal feature subsets such 
as Expectation Maximization (EM) approach relied on initialization of objects and 
also retrieval of circular clusters, [28]. Similarly k-means algorithm was also imple-
mented using certain cases for retrieval of effective patterns. 

3.2 Spatial Clustering Methods 

After feature selection technique is applied for retrieval of subset of data next step 
proceeds towards detection of clusters using proposed spatial clustering techniques. 
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The fetched data obtained from feature selection technique is now stored on SpaGR-
ID. To  determine patterns from SpaGRID has being found for spatial clustering. The 
spatial clustering approach measures the similarity of data by using statistical measur-
ing    techniques. Numerous applications of statistical techniques are applied in the 
past for discovery of spatial clustering algorithm [31], have utilized the approach of 
redefining spatial autocorrelation to derive the concept and algorithm for K-order 
neighbors based on Delaunay’s triangulation,[33]. [34], discuss deterministic analysis 
of random walks on weighted graph generated from data to cluster spatial data, and 
even brute-force exhaustive search. The clustering approach can be further stated as: 

Definition 2.  

In given datasets D = {x1, x2, …, xn),  where each data point occurs in some dimen-
sional space K (k<h), it partitions the data space into h number of objects depending 
upon the similarity hence clusters are formed with G= {g1  ,g2, …, gm} 

Spatial clustering algorithm proposed discover clusters in three dimensions space 
based on spatial hierarchical structure of data using known knowledge of spatial data 
structure. The construction of spatial hierarchy is evaluated using octree as spatial 
data structures. Octree is applied on SpaGRID for retrieval of relevant and efficient 
information from spatial data. It has being overlapped on grid to retrieve data which is 
spread on grid for storage and retrieval of clusters. The grid is formed in three dimen-
sional planes as octree works on spatial hierarchical structure for three dimension-
al space, it recursively divides itself on multiples of eight. The grid is defined as 
finite structure with finite number of cells which helps in fast processing of data. 
Our spatial clustering algorithm efficiently scales the data in three dimensional grid 
spaces, hence octree has being identified as relevant spatial data structure for spatial 
clustering algorithm. 

The proposed spatial clustering algorithm efficiently scales the data in three  
dimensional grid structure over the spaces. Several definitions are discussed below 
which are used as a part of spatial clustering techniques for retrieval of clusters:   

• Let mean centre of each dimensions can be defined as k(k1,k2,k3,…, kn) /n, 
l(l1,l2,l3,..., ln) /n and m(m1,m2,m3,…,mn) /n where n is defined as number of  
elements in list. 

• The spatial correlation can be defined as measure of similarity or correlation 
among the variables, it can be clearly stated as below:  

2 2 2 2

2 2 2 2
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This type of standard spatial correlation exists between two variables which are 
represented as: 

 rkl= correlation coefficient between k and l 
 rkm= correlation coefficient between k and m 
 rlm= correlation coefficient between l and m 

Standard spatial correlation is computed by (1), (2) and (3) where n is number of ob-
servations in sample. Three dimensional correlations can be computed by multiple 
correlation coefficients. Multiple correlations involve more than two variables for 
computation. It can be evaluated by using the (4), where R signifies multiple spatial 
correlation as: 

2 2

2

2( )( )( )
.                                                                    (4)

1
km lm km lm kl

kl

r r r r r
R

r

+ −
=

−
 

We know substitute the interpreted values to (4) which are derived from (1), (2) and 
(3). The larger the multiple correlations stronger are the relation between the va-
riables and hence better prediction criterion. 

The merging criterion is set as threshold inputted by expert using domain know-

ledge. Threshold value valueα is regarded as criterion for merging of similar spatial 

data in three dimension space: 

0,      iff no similarity exists such that totally different

0.5,    average correlation exists

0.8,   strong correlation 

1,       highly similiar needs to be merged

valueα

⎧
⎪
⎪=⎨
⎪
⎪⎩

 

The valueα is always positive hence exists between 0.5 valueα +1 range.  

4 Implementation 

The proposed framework is implemented on high dimensional spatial datasets for 
determination of relevant spatial clusters. As discussed earlier octree has being used 
spatial data structure for storage and retrieval of spatial data. We have designed and 
implemented the structure of octree node for determination of clusters. The octree 
root node contains the information related to number of child nodes, nodeid of current 
root node, mean value of child nodes in three dimensional spaces and also the list of 
items. The list of items contains all statistical information as well as nodeid.  Each 
node contains respective information of data available and hence clustering approach 
can be applied at different levels of hierarchy.  

If the node is not a root node then structure for leaf or non-leaf node can be defined 
as below. The node values have been defined for each dimensional space such that k, l 
and m. The parentnode feature extract information related to node number of parent 
using information of immediate child nodes, whereas emerging node is leaf node or 
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non-leaf node has been determined by Inode value, node number of current node is 
also stored for further processing. The child node numbers of all non-leaf nodes are 
also determined by parentnode value. Statistical information of each node such as 
spatial mean_value has being derived from immediate child node values and spatial 
correlation of data among two nodes has been calculated using (4), in the end level of 
each node is also included to find the height of tree. 

 
  Struct  node {  
   Float kcordinate, // value of k coordinate 
   Float lcordinate, //value of l coordinate 
   Float mcordinate, //value of m coordinate 
   Int parentnode, //determine parentnode 
   Bool lnode, // is leaf or non-leaf node 
   Int nodenum, //node number of current node 
   Float spatialmean _valuek, //mean value of k Coordinate 

of child node     
  Float spatialmean _valuel, //mean value of l Coordinate of 

child node    
  Float spatialmean _valuem, //mean value of m Coordinate 

of child node  
  Int childnode [8] [8], //array of child node 
  Int childnode_number, // child node number of non-leaf 

nodes 
  Float spatial_correlation,//spatial  correlation  
  Int listid[][]//list of elements 
  Int level//level of node 
  } 

                                              

We have developed an algorithm to determine the node number of each node at 
different level of hierarchy.  

 
Algorithm to Find Node Number: 
 

Step 1: Store the parent node number to determine the child 
node numbers.  

Step 2: If the existing node is leaf node than exit 
Step 3: Else derive child nodes such as 
             (8k-6, 8k-5, 8k-4, 8k-3, 8k-2, 8k-1, 8k, 8k+1) 
        Where k represents the parent node number, store 

the node number of respective child nodes. The process itera-
tively continues until or unless each parent node determines its 
child nodes except leaf nodes. 

Step 4: Process terminates after determining the child node 
number at different level of hierarchy except the leaf nodes 
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We have developed an algorithm to determine the parent node number of each node 
at different level of hierarchy.  

 
Algorithm to determine the parent node number: 
 

Step 1 Determines the child node number whose parent node 
value needs to be found. 

Step 2 Store the child node number. 
Step 3 If (nodenum%8 >1) 
            {   Parentnode =nodenum\8 +1;    }           
            Else 
             {Parentnode = nodenum\8;      } 
Step 4 Return type of all parentnode is integer 
Step 5 Determined nodes is root node then algorithm will 

exit 

5 Experimentation 

The proposed experiments are based on several public domain spatial medical data 
sets [39].The data contains substantial distribution for individual case attributes,  
including age, race, year of diagnosis and geographical location of patients were  
examined for United States. The population of data was characterized by white, black 
and others were too small to be taken into account. The data of age group was taken 
from (15-65+) years in this group prostate cancers were examined and several stages 
of disease diagnosis was taken into account. The multivariate characteristics of  
datasets exists which contain year of study from 1992-1997. The interesting results 
are formulated with the context of SpaGRID framework, whereas the feature selection 
techniques are approached and spatial clustering algorithms are implemented with 
MATLAB 7.1. Specific threshold values are input with domain expert knowledge.  

Experiment 

In this study we have selected the experiment on spatial health data sets where the 
approach was to reduce irrelevant and missing features and extract relevant reduced 
features using feature selection techniques. The dataset was examined using Naïve 
Bayes classifier and applying MIFS (Mutual Information Feature Selection)  
algorithm. A five fold cross validation is applied to retrieve relevant individual feature 
subset on the basis of target attribute. In current approach we have target spatial 
attribute state_name for retrieval of features related to spatial data, hence we have 
observed that attribute selected are relevant for further analysis of data. Table.1.  
observes the classifier performance Naïve Bayes on spatial datasets for retrieval of 
attributes.  
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Table 1. Classifier Performance  

Value Recall 
1-

Precision
Value Recall 1-Precision 

Alabama 0.8507 0.1739 Connecticut 1 0.7419

Alaska 0.9259 0.1379 Delaware 0.3333 0.6667

Arizona 
0.7333 0.0833

Distt Co-

lumbia 0 1

Arkansas 0.8933 0.2209 Florida 0.6567 0.2143

California 0.7414 0.1731 Georgia 0.8596 0.0926

Colorado 0.6094 0.1333 Tennessee 0.8462 0.1951

      Wyoming 1 0.4

The second experiment focuses on proposed spatial clustering technique and  
implemented using MATLAB 7.1. The reduced features abstracted from feature se-
lections techniques are optimized for proposed spatial clustering to retrieve spatial 
clusters. The experiment calculates correlation between subsequent levels at each 
node; the correlation associates the similarity among different clusters when  
examined independently.  The goal of our research is to retrieve spatial patterns and 
display output as clusters. It was approached that threshold value increased the com-
pactness of the cluster. Fig. 2. depicts a cross-section view of spatial data obtained 
from a 3D pattern where the original data was visualized before clustering algorithm 
is applied. 

 

Fig. 2. Three Dimensional views of spatial data 

Fig. 3 shows a 3D pattern formed by threshold value between (0 and 0.5) after 
clustering algorithm is applied and threshold was fixed between certain specific val-
ues. 



 SpaGRID: A Spatial Grid Framework for High Dimensional Medical Databases 701 

 

Fig. 3. 3D pattern formed by threshold value between (0 and 0.5) 

Fig. 4 represents 3D pattern formed by threshold value between (0.5 and 0.1) after 
clustering algorithm are applied and threshold was fixed between certain specific values. 

 

Fig. 4. 3D pattern formed by threshold value between (0.5 and 1) 

In current approach our goal was to identify clusters having a range between cer-
tain specific threshold values. Fig.2, depicts the input data sets containing insignifi-
cant patterns. Whereas the output clusters are determined from Fig.3 and Fig.4, we 
analyzed the figure with different threshold values; we initially reduce the threshold 
value and started incrementing it. The four significant clusters indicate of high and 
low rates of each outcome for prostate cancer cases in United States during 1992-
1997. The patterns of clusters individually change while we make changes in the  
independent attributes of data. We observed that increasing the threshold value till 
specific range clearly view the boundary of clusters. The output is generated using 
MATLAB 7.1. The purpose was to combine cluster detection analysis techniques with 
prostate cancer disease in order to enable a relationship between spatial and health 
care databases.   
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6 Conclusion and Future Works 

The approach is to determine octree as an efficient and suitable index structure for 
three dimensional grid structures. We have demonstrated a spatial grid framework for 
three dimension grid with the help of octree as index data structure for spatial cluster-
ing of spatial attribute value. They are several algorithms implemented inside octree 
for independence of each data elements inside the tree and to discover hidden know-
ledge at different level of tree. The octree data structure is really efficient to deal with 
the spatial data and hence can prove to be backbone for future spatial data mining 
techniques. 

The future work will be focused on other spatial index structure that can be helpful 
for determination of spatial data mining techniques for discovering clusters of variant 
shapes. To develop algorithm for spatial clustering with the help of octree and space 
filling curve for n dimensional data space. Also a knowledge decision making process 
to check the relevancy of each clusters determined.  
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Muñoz-Velasco, E. I-635
Muthmann, Klemens II-538

Napierala, Krystyna II-139, II-514
Navarro, Marti I-588
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Simić, Svetlana I-208
Sitar, Corina Pop I-557
Skrobanek, Pawel II-200
Skupin, Piotr I-25
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