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Preface

This volume of Advances in Intelligent and Soft Computing contains accepted papers
presented at SOCO 2012, held in the beautiful and historic city of Ostrava (Czech Re-
public), in September 2012.

Soft Computing represents a collection or set of computational techniques in ma-
chine learning, computer science and some engineering disciplines, which investigate,
simulate, and analyze very complex issues and phenomena.

After a through peer-review process, the SOCO 2012 International Program Com-
mittee selected 76 papers which are published in these conference proceedings, and
represents an acceptance rate of 38%. In this relevant edition a special emphasis was
put on the organization of special sessions. Three special sessions were organized re-
lated to relevant topics as: Soft computing models for Control Theory & Applica-
tions in Electrical Engineering, Soft Computing Models for Biomedical Signals and
Data Processing and Advanced Soft Computing Methods in Computer Vision and Data
Processing.

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

SOCO 2012 enjoyed outstanding keynote speeches by distinguished guest speak-
ers: Prof. Ponnuthurai Nagaratnam Suganthan, Prof. Jeng-Shyang Pan, Prof. Marios M.
Polycarpou, Prof. Fanny Klett and Mr. Milan Kladnicek.

For this special edition, as a follow-up of the conference, we anticipate further publi-
cation of selected papers in special issues of prestigious international journal as Neuro-
computing (ELSEVIER), Journal of Applied Logic (ELSEVIER) and Neural Network
World (Institute of Computer Science CAS in cooperation with the Czech Technical
University, Prague, Faculty of Transportation Sciences).

Particular thanks go as well to the Conference main Sponsors, IT4Innovations,
VŠB-Technical University of Ostrava, IEEE.- Systems, Man and Cybernetics Society
CzechoSlovakia, IEEE.- Systems, Man and Cybernetics Society Spain, MIR labs, Span-
ish Association for Artificial Intelligence, IFCOLOG and MIDAS project supported by



VI Preface

Spanish Ministry of Science and Innovation TIN2010-21272-C02-01 (funded by the
European Regional Development Fund).

We would like to thank all the special session organizers, contributing authors, as
well as the members of the Program Committees and the Local Organizing Committee
for their hard and highly valuable work. Their work has helped to contribute to the
success of the SOCO 2012 event.

September 2012 Václav Snášel
Ajith Abraham

Emilio S. Corchado
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Juan Gómez Romero University Carlos III of Madrid, Spain
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Petr Pošı́k Czech Technical University in Prague,

Czech Republic
Petrica Pop North University of Baia Mare, Romannia
Petro Gopych Universal Power Systems USA-Ukraine LLC,

Ukraine
Pierre-François Marteau Université de Bretagne-Sud, France
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Lenka Lhotská Czech Technical University, Czech Republic
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Antonı́n Dvořák University of Ostrava, Czech Republic
Marek Vajgl University of Ostrava, Czech Republic
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Applications

A Hybrid Soft Computing Approach for Optimizing Design Parameters
of Electrical Drives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
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Ángel Arroyo, Emilio Corchado, Verónica Tricio, Laura Garcı́a-Hernández,
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Abstract. This article presents an efficient Hybrid Discrete Differential 
Evolution (HDDE) model to solve the Economic Lot Scheduling Problem 
(ELSP) using a time variant lot sizing approach. This proposed method 
introduces a novel Greedy Reordering Local Search (GRLS) operator as well as 
a novel Discrete DE scheme for solving the problem. The economic lot-
scheduling problem (ELSP) is an important production scheduling problem that 
has been intensively studied. In this problem, several products compete for the 
use of a single machine, which is very similar to the real-life industrial scenario, 
in particular in the field of remanufacturing. The experimental results indicate 
that the proposed algorithm outperforms several previously used heuristic 
algorithms under the time-varying lot sizing approach. 

Keywords: Lot scheduling, time-varying lot-sizes approach, discrete 
differential evolution, cyclic crossover, simple inversion mutation, greedy 
reordering local search, remanufacturing. 

1   Introduction 

It is a common practice in industries to produce several products on a single machine 
due to economic considerations. Typically, these facilities may produce only a single 
product at a time and have to be set-up (stopped and prepared) at the cost of time and 
money, before the start of the production run of a new product. A production 
scheduling problem arises due to the need to co-ordinate the set-up and production of 
a large number of different items. The main aim of the Economic Lot Scheduling 
Problem (ELSP) [1] is to find the best lot sizes and production schedule that does not 
allow any shortages for the items to be produced in the above described environment. 
Typical examples of such problems are: 
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• Metal forming and plastics production lines (press lines, and plastic and 
metal extrusion machines), where each product requires a different die that 
needs to be set up on the concerned machinery. 

• Assembly lines which produce several products and different product models 
(electric goods, vehicles, etc.). 

• Blending and mixing facilities (for paints, beverages, etc.), in which different 
products are poured into different containers for processing. 

Typically, in an industrial scenario, a single machine of very high efficiency is 
purchased instead of several machines of lesser efficiency. This situation leads to the 
question of how one should schedule production on this high speed machine. The 
issue is one of selecting both a sequence, in which the products will be manufactured, 
and a batch size for each item run. The issue of batching arises because the system 
usually incurs a set-up cost and/or a set-up time when the machine switches from one 
product to a different product. Set-up times imply an idle-time during which the 
machine does nothing, which, in turn, implies a need to carry a large scale production 
facility. This problem has attracted the attention of many researchers over 40 years, 
partly because it is a representation of many frequently encountered scheduling 
problems, and simply because it appears to be unconquerable. In fact, many 
researchers also take into consideration another interesting variant of the problem 
wherein they allow the phenomenon of re-manufacture [2] to occur, i.e. items that 
have been returned by the consumers are re-manufactured and made as fresh as new. 
Ouyang and Zhu extended the classical ELSP to schedule the manufacturing and 
remanufacturing on the same single product line [19]. They assumed that the demand 
rate and return rate are constant and the product line has limited capacity of 
manufacturing and remanufacturing. 

Typically, we may assume that the demand rates are known before-hand and are 
product-dependent while the set-up cost and set-up time are product-dependent but 
sequence-independent. Also, the majority of the research in ELSP literature focuses 
on cyclic production schedules, i.e. the schedule is repeated periodically. As the ELSP 
is an NP-hard problem, many heuristics have been devised that may solve this 
problem to near optimality. The three types of approaches generally taken are: 

I. Common cycle approach: This restricts all the products’ cycle times to 
equal time (an item’s cycle time is the duration between the starts of two 
consecutive runs of that item). This approach has the advantage of always 
generating a feasible schedule despite the use of a very simple procedure. 
This procedure, however, gives solutions far from the lower bound in some 
cases [3]. 

II. Basic period approach: This allows different cycle times for different 
products, but restricts each product’s cycle time to be an integer multiple k of 
a time period called a basic period. This approach, in general, gives better 
solutions than the common cycle approach. However, its main drawback is 
the difficulty of ensuring that the production sequence is feasible [4]. 

III. Time-varying lot size approach: This allows different lot sizes for any 
given product during a cyclic schedule. It explicitly handles the difficulties 
caused by set-up times and always gives a feasible schedule as proved by 
Dobson [5]. It has been found to give fitter solutions in comparison to the 
previous two approaches. 
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The research on ELSP under the different policies discussed above mainly comprises 
of different algorithmic solutions since the restricted versions of the problem are also 
very difficult. Till date, most researchers have relied on genetic algorithms to solve 
the problem. There are only two studies in the literature that consider exact 
algorithms: Grznar and Riggle [6] for BP policy, and Sun et al. [7] for EBP policy. 
However, the exact algorithms are not very time-efficient especially when the 
utilization factor is high. The purpose of the current research is to develop a Hybrid 
Discrete Differential Evolution (HDDE) algorithm to solve the ELSP. Our HDDE is 
based on the time-varying lot sizes approach. In this paper, we present the ELSP 
formulation and proposed HDDE in Section 2 and the results and discussions in 
Section 3. 

2   ELSP Problem Formulation and Algorithm 

The following assumptions are normally used in the formulation of the ELSP: 

• Several items compete for the use of a single production facility. 
• Demand-rates, production-rates, set-up times and set-up costs are known 

before-hand and are constant. 
• Backorders are not allowed. 
• Inventory costs are directly proportional to inventory levels. 

The following notations have been adopted: 

• Item Index: Mi ,...,2,1=  

• Position Index: Nj ,...,2,1=  

• Constant Production Rate(Units per day): ip ;  Mi ,...,2,1=  

• Constant Demand Rate(Units per day): id  ;  Mi ,...,2,1=  

• Inventory Holding Cost(Price per unit per day): ih  ;  Mi ,...,2,1=  

• Set-up Cost(Currency): ia  ; Mi ,...,2,1=  

• Set-up Time(days): is ; Mi ,...,2,1=  

• Item produced at position : jI ;  Nj ,...,2,1=  

• Production-time for item produced at position : jt ; Nj ,...,2,1=  

• Idle-time for the item produced at position : jx ; Nj ,...,2,1=  

• Cycle Length(days):  
 

The ELSP in a nutshell is the situation where there is a single facility on which 
different products have to be produced. We try to find a cycle length and a 

production sequence I=( NIII ,...,, 21 ) where ),...,2,1( MI j ∈ , production time 

durations t= ),...,,( 21 Nttt  and idle-times u= ),...,,( 21 Nuuu so that the given 

production cycle can be finished within the given cycle. This cycle has to be repeated 
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over and over again, while at the same time, inventory and set-up costs have to be 
minimized. We may define µ  as:                           
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We must note that µ represents the long-run proportion of time available for set-ups. 
For infinite horizon problems, µ > 0 is absolutely necessary for the existence of a 
feasible solution. It can be shown that any production sequence can be converted into 
a feasible one if µ > 0. 

Let F represent the set of all the feasible finite sequences of the products and 

iJ denote the positions in the schedule where the product having the index  i  is 

produced. Let kY denote all the jobs in a given sequence starting from k  up till that 

position in the given sequence where the item kI is produced again. Then, the 
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)))()((
2

1
(

1
mininf

1

2

1
;0;0;0 

==
≥≥≥∈ +−

N

j

jj
j

j
jjj

N

j
TxtFj at

d

p
dph

T
                  (1) 

Subject to the following boundary conditions: 

•  MiTdpt ijJj

j
i ,...,2,1; == ∈

                                              (2) 

 

• Nkt
d

p
xst k

k

k
jj

Yj

j

k
,...,2,1; ==++ ∈

                                              (3) 

 

• Txst jj
N

j

j =++
=

)(
1

                                                                         (4) 

The condition (2) ensures that enough space is allocated to each product so that it may 
meet its own demand during one complete cycle. Condition (3) ensures that we 
produce that much quantity of each product so that its demand is met till the time it is 
produced again. Condition(4) ensures that the total time taken for the complete cycle 
is numerically equal to the sum of the production time, setup time and idle time of the 
various items. 

2.1   The Proposed HDDE Algorithm 

The HDDE may be categorized into the following steps: 

Step 1 The production frequencies are obtained by solving the lower bound (LB) 
model [8] as stated below. This lower bound is tighter than that obtained by using the 
so-called independent solution in which each product is taken in isolation by 
calculating its economic production quantity. The constraint here is that enough time 
must be available for set-ups. As stated previously, µ  represents the average 
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proportion of time available for set-up. iT refers to the cycle length for the product  i . 

However, the synchronization constant that states that no two items may be produced 
simultaneously is ignored. Hence, this results in a lower total daily cost for the ELSP. 
This scheme was initially proposed by Bomberger [9]. 

LB model: 
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The objective function and the convex set in the above constraint model are convex 

in sTi ' . Therefore, the optimal points of the LB model are those points that satisfy the 

KKT conditions as follows: 
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procedure that is adopted to find the optimal iT ’s is described below. 

Algorithm for the Lower Bound 

1. The condition R=0 is checked for an optimal solution. The iT ’s are found as per 

the formula 
i
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 < µ  , then the iT ’s are proven to be an 

optimal solution. Else, the algorithm explained in step 2 is adopted. 

2. R is taken at an arbitrary value greater than 0. The iT ’s are computed as per 
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optimal. 

If the optimal cycle length for an item is '
iT , then the production frequency ( if ) of 

that item may be obtained as per the following formula: '
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i
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Step 2 The production frequencies obtained in Step 1, are rounded off to the nearest 
integers.                                                    
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Step 3 Using the frequencies obtained in the previous step, an efficient production 
sequence is obtained using the DE algorithm. This algorithm is discussed later in 
details. 
Step 4 If we assume the approximation that there is no idle time (which works well 
for highly loaded facilities), we can easily solve for the set of production times using 
equation (3). This method is referred to as the Quick and Dirty heuristic [10]. 
Otherwise, we may adopt Zipkin’s [11] parametric algorithm. 

2.2   Discrete Differential Evolution 

The key components of the proposed DDE are: 

1) Representation of the Schedule (Chromosome): The proper representation of 
a solution plays an important role in any evolutionary algorithm. In our paper, a string 
of positive integers (chromosome) is used to represent a solution. The length of the 
chromosome is the sum of the production frequencies obtained at the end of step 2. 
As standard operations such as cross-over and mutation are difficult using such a 
representation, we use an additional chromosome that possesses the absolute locations 
of each of the genes in the afore-mentioned chromosome. Suppose the problem at 
hand is a 4-product ELSP and it is observed at the end of step 2 that their frequencies 
are 1,2,2,1 respectively. We may represent this situation using two chromosomes A 
and B. The representation is as follows: 

 
             Chromosome A                         (1       2       2       3       3       4)   
             Chromosome B                         (1       2       3        4      5       6) 

Here, Chromosome A represents the item numbers simply, while Chromosome B 
represents their respective locations. All the operations shall be performed using 
chromosomes of the form of Chromosome B. 
2) The objective and fitness function. The fitness value for any chromosome may 
be computed as the inverse of Equation (1), which serves as the fitness function. Our 
objective is to minimize this function (Eq. 1) and therefore maximize the fitness, i.e. 
our aim is to find the string with the maximum fitness. For any chromosome 
(representing the production schedule) the production times of the different items may 
be computed as per step 4 of the main algorithm. After this, we obtain the value of the 
fitness function using Equation No. (1). The fitness function is represented by 

)(Vfelsp   for chromosomeV . 

3) The Cross-Over operator. The Cyclic Crossover Operator [12] is of immense 
importance in the proposed HDDE because this operation is carried out at several 
points in the algorithm. This operator is unique one since it preserves characteristics 
of both the parents in the offspring. The crossover mechanism may be envisaged via 
the following example: Let us consider two flow sequences A and B, where A= (1  3  
5  6  4  2)  and  B= (5  6  1  2  3  4). Let the first offspring begin with 1(the starting 
operation of parent A). Selection of ‘1’ from A implies that ‘5’ should be selected 
from B, because we want each operation to be derived from one of the two parents.  
Hence, C= 1 _ 5 _ _ _. This process continues on till after the selection and 
subsequent insertion of an operation from one of the two parents, the operation in the 
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corresponding position in the other parent is already present in the offspring. After 
this, the remaining operations are filled in, as per their orders respective to one 
another in the other string. As can be seen in case of C, insertion of ’5’ implies that 
‘1’ should be inserted in the list, but as ‘1’ is already present in the list (i.e. the 
starting operation), the cycle stops (hence, the name Cyclic Crossover) and the 
remaining operations are filled in from B. Hence, C = (1   6   5   2   3   4). Similarly, 
considering ‘5’ as the starting operation, another offspring D can be obtained in a 
similar fashion. Hence, D= (5   3   1   6   4    2) .As our algorithm imposes a restriction 
that the result of each crossover operation results in only a single offspring, the fitter 
progeny is selected. 
4) Perturbation Operator. In our paper, we have adopted the Simple Inversion 
Mutation [13] as our perturbation operator. Two random cut-points are selected in the 
chromosome and that part of the chromosome between these two cut-points is 
inverted and placed in the original chromosome. For example, let us consider the 
chromosome represented by (ABDEGCFJIH).  Suppose the first cut-point is between 
D and E  and the second cut-point is between F  and J . 

 Then the part of the chromosome between the two cut-points is reversed and then 
placed in the original chromosome to obtain (ABDFCGEJIH).  

 

 

Fig. 1. Simple Inversion Mutation 

DE [14] is one of the recent evolutionary optimization algorithms. Like other 
algorithms of the same class, DE is population-based and serves as a stochastic global 
optimizer. In the classic DE, candidate solutions are represented by a vector of 
floating point solutions. The mutation process entails the addition of the weighted 
difference of two members of the population to another third member of the same 
population to generate a mutated solution. Then, a cross-over operation occurs so as 
to generate a trial solution that is in turn compared with the target solution using a 
selection operator, which determines which of the two shall survive for the next 
generation. It is obvious that traditional DE equations shall not hold in this regard as 
they had been developed for continuous numerical optimization. As per the novel 
DDE algorithm proposed by Pan et. al. [15], the target individual is represented by a 
chromosome of type B (permutation of numbers). The mutant individual is obtained 
by perturbing the previous generation best solution in the target population. Hence, 
we achieve the difference variations by applying a perturbation (mutation) operator on 
the best solution present in the previous generation of the target population. These 
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perturbations are achieved by applying the Simple Inversion Mutation operator on the 
best solution of the previous generation. Since these perturbations are stochastically 
different, each result is expected to be distinct from the other. To obtain the mutant, 
the following equation may be used: 
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where, 1−t
gX represents the best solution of the previous generation of the target 

population. ()F  denotes the perturbation operator(Simple Inversion Mutation). 

Hence, a random number )1,0(∈r  is generated and if it is less than
probmutation , then 

the trial solution is obtained by applying the perturbation operator on 1−t
gX else, the 

mutant is set to 1−t
gX . After this, we enter the recombination (cross-over) phase. In 

this, i
tV  is crossed over with t

iX  to obtain the trial solution t
iU if )1,0(∈v  [generated 

randomly] is greater than
probcrossover . Else, t

iU  is taken to be equal to t
iV  . The 

pseudo-code representation for the afore-said is: 
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Hence, if t
iU is fitter than 1−t

iX  , then t
iX  = t

iU  . Else, t
iX = 1−t

iX . Over here, ()CR  

refers to the cross-over operator. As discussed earlier, the Cyclic Cross-Over operator 
has been used in the HDDE. As it is pretty ostensible, our basic aim is to take 
advantage of the best solution obtained from the previous generation during the entire 
search process. Unlike its continuous counterpart, the differential evolution is 
achieved by the stochastic re-ordering of the previous generation’s best fit solution in 
the target population.   

Greedy Reordering Local Search (GRLS). In this paper, we propose a novel local 
search operator which restructures a chromosome iteratively on a probabilistic basis 
to search for fitter solutions. This re-ordering process goes on till the solutions which 
are obtained from reordering is better in comparison to the parent solution. The GRLS 
algorithm for a chromosome p is given in Fig. 2.   

3   Results and Discussion 

In our tests on ELSP, the proposed HDDE algorithm is coded in MATLAB and the 
experiments are executed on a Pentium P-IV 3.0 GHz PC with 512MB memory. We  
 

 



 A Hybrid Discrete Differential Evolution Algorithm 9 

have compared the results that our algorithm provided when tested on Mallya’s 5-
item problem [17] and the famous Bomberger’s 10-item problem (for the µ=0.01 
case) [8] with the hybrid GA proposed by Moon et. al.[10] , Khouza’s GA  [17], 
Dobson’s heuristic [18] and the Common Cycle Solution [3] approach. In each of the 
runs, the number of iterations (generations) have been taken to be 80 and the 
population size has been taken as 100, the value of 

probmutation  has been taken to be 

0.77, and the value of 
probcrossover  has been taken to be 0.96 in all the runs. The 

value of 
probmutation  has been decided empirically by taking several runs of the 

proposed algorithm. The value of probcrossover  has been intentionally kept high to 

ensure that most members of the target population undergo recombination because 
this not only facilitates increased convergence to the optimal solution but also ensures 
that diversity is improved.  The results are as follows: 

 

 

 

 

 

 

 

 

 

 
 
 

                                

Fig. 2. The pseudo-code for the GRLS 

 

FOR  nii ≤= ;1  

       Search for i in the parent chromosome; 

       ;_ igenecurrent =  

       FOR ;;1 njj ≤=  

              Search for );( jxright   )(// jxright
 is the first element to the right of j which has not 

occurred in the list. 

              Search for );( jxleft   )(// jxleft
 is the first element to the left of j which has not occurred in 

the list. 
              ])1,0[(∈Rp  and ])1,0[(∈Lp are generated randomly. 

 IF    
LR pp >  

                       )( jxright
is inserted immediately after j ; 

                      );(_ jxgenecurrent right=  

              ELSE 

                            )( jxleft is inserted immediately after j ; 

                        );(_ jxgenecurrent left=  

              END IF 
      END FOR 
END FOR 

Out of the n chromosomes generated, let 'p
 
represent the fittest one. 

IF  )()( ' pfpf ≥  

        p is replaced by p’. 
          CONTINUE GRLS 
ELSE 
            ABORT GRLS 
END IF 
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Fig. 3. The pseudo-code for the Hybrid Discrete Differential Evolution(HDDE) 

Table 1. Mallya’s 5-item problem (Average Daily Cost) 

HDDE Hybrid GA proposed by 
Moon et al.[10] 

Dobson’s Heuristic[18] 

59.87 60.91 61.83 

 

Optimal Production sequence for Mallya’s 5-item problem (as per the HDDE): 

 (4 , 5 , 3 , 1 , 3 , 2 , 3 , 4 , 3 , 1 , 2) 

Table 2. Bomberger’s 10-item Problem (Average Daily Cost) 

HDDE Hybrid GA 
proposed by 

Moon et al.[10] 

Dobson’s 
Heuristic[18] 

Common Cycle 
Solution[3] 

Khouza’s GA 

[17] 

125.28 126.12 128.43 231.44 196.14 

 
Optimal Production sequence for Bomberger’s 10-item problem (as per the HDDE):  

(8 , 9 , 6 , 8 , 3 , 8 , 4 , 2 , 4 , 8 , 9 , 3 , 8 , 10 , 5 , 10 , 8 , 4 , 3 , 2 , 8 , 5 , 9 , 8 , 5 , 8 , 4 
, 1 , 8 , 6 , 2 , 8 , 5 , 2 , 7 , 8 , 9 , 4 , 3 , 4 , 5 , 4) 

In this paper, we have compared the HDDE that we proposed, with other algorithms 
that belong to the time varying lot sizes approach in the literature. We have used the 
data for Mallya’s 5-item problem and Bomberger’s 10-item problem (for the μ =0.01 

case which represents a highly loaded facility). As it can be clearly seen, our 
algorithm clearly outperforms the hybrid GA proposed by Moon et al. by 1.7% and 
0.66%, in case of Mallya’s 5-item and Bomberger’s 10-item problem, respectively. 

procedure Hybrid Discrete Differential Evolution(HDDE) 
initialize parameters 
initialize target population 
evaluate target population 
apply local search(Greedy Reordering Operator) 
generation=0;      
/* G is defined by the user */ 
while (generation<G) 
obtain the mutant population 
obtain the trial population 
evaluate the trial population 
Select the chromosomes that may progress to the next generation 
Apply Local Search(GRLS operator) 
generation=generation+1; 
end while 
Return  the best found solution 
end  HDDE 



 A Hybrid Discrete Differential Evolution Algorithm 11 

4   Conclusions and Further Work 

This paper has proposed a new type of Hybrid Discrete Differential Evolution 
algorithm that employs a novel Greedy Reordering operator for local search. We have 
compared our algorithm with those proposed by Dobson, Khouza and Moon on the 
Mallya’s 5-item and Bomberger’s 10-item problems (for the µ=0.01 case) and it can 
be clearly seen that our algorithms clearly outperforms the rest. Since the ELSP is a 
very complex combinatorial optimization algorithm, most researchers have developed 
heuristics that may solve this algorithm efficiently. We have used a heuristics to 
generate the frequencies and a HDDE (coupled with a local search operator) to find 
the fittest ELSP sequence which is feasible. Hence, using this algorithm we have 
increased the speed and accuracy of the search process. Furthermore, this algorithm 
may be modified accordingly to solve the ELSP with remanufacturing model. 
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Abstract. This paper proposes the use of ordinal regression for helping the eval-
uation of Unequal Area Facility Layouts generated by an interactive genetic algo-
rithm. Using this approach, a model obtained taking into account some objective
factors and the subjective evaluation of the experts is constructed. Ordinal re-
gression is used in this case because of the ordinal ranking between the different
possible evaluations of the facility layouts made by the experts: {very deficient,
deficient, intermediate, good, very good}. To do so, we will also make an ap-
proximation to some of the most successful ordinal classification methods in the
machine learning literature. The best model obtained will be used in order to
guide the searching of a genetic algorithm for generating new facility layouts.

1 Introduction

The efficiency of industrial production is widely influenced by the design of plant lay-
outs [16]. In fact, it is estimated that between 20% and 50% of production costs are
due to materials handling, and that these costs can be reduced at least by 10% and 30%
through efficient design [25]. There are many kinds of layout problems; an example of
a classification of them is in [17]. We will focus on the Unequal Area Facility Layout
Problem (UA-FLP) as formulated by Armour and Buffa [2]. Briefly, UA-FLP has into
account a rectangular plant layout that is made up of unequal rectangular facilities that
have to be placed in the plant layout in the most effective way.

Most authors have solved this problem using quantitative criteria. Unfortunately, the
approaches may not adequately consider all of the essential qualitative information
that affects a human expert involved in design (e.g. engineers, stakeholders, regula-
tors, etc.) [4]. So that, qualitative features are also important to be taken into account,
as for example, location preferences of certain facilities, the way that remaining space
is distributed in the layout, or any other subjective consideration that can be judged as
relevant for the Decision Maker (DM). Besides, these features can be subjective, un-
known a priori and changing during the procedure evolution. So that, it is difficult to
take into account both quantitative and qualitative aspects at the same time, because
they can not be easily formulated as an objective function. Consequently, including the
expert knowledge is vital to incorporate qualitative considerations in the design. This
fact also gives the following benefits: finding a solution that is satisfactory to the DM

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 13–21.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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(but that is not an optimal solution necessarily) [3,19], choosing the best trade-off solu-
tion when a conflict among objectives or constraints exists [15], assisting the algorithm
in achieving the search process towards the DM preferences [20,10], excluding the need
to give all the required preference information a priori, offering the DM the possibility
to know about his/her own preferences [15]; stimulating the creativity of the DM [23],
and getting original and feasible designs.

Many Evolutionary Computation (EC) approaches have been dealt with UA-FLP.
Among these, the Genetic Algorithms (GAs) [14] are frequently applied. Brintup et
al. [7] have emphasized that Interactive Evolutionary Computation (IEC) can greatly
help to improving optimized design by involving experts in searching for a satisfactory
solution [6].

Focus on the UA-FLP, Garcia-Hernandez et al. [13] proposed an Interactive Genetic
Algorithm (IGA) that captures such aspects (quantitative and qualitative) that the DM
would like in the final design. But, unfortunately, due to the fact that many features of
the solutions should be considered at the same time, the DM can end up distracted and
overloaded. In order to improve the reduction of DM fatigue, a classification of the data
has been applied with the aim of learning the DM preferences. Because of each DM
have a different expertise or preferences about the UA-FLP, it is necessary to diversify
the data having into account the level of knowledge of each DM prototype.

So, in this case three experts have evaluated (in a subjective way) the different fa-
cility layouts using a Likert scale (where the possible evaluations for a facility layout
are {very deficient, deficient, intermediate, good, very good}. This problem is then ad-
dressed by an ordinal point of view because of the nature of the categories, which (as
can be seen) are ordered.

Ordinal regression has a wide range of applications in areas where the human eval-
uation plays an important role as psychology, medicine, information retrieval, etc. This
type of classification shows similarities both with regression and classification, but
also differences: regarding regression the number of classes is finite and the distances
between them is not well-defined. Unlike classification the relationship between the
classes is not nominal, but ordinal.

In ordinal classification, the variable to predict presents a natural order, so the main
problem with this classification is that there is not a precise notion of the distance be-
tween classes. For example, on a scale of ranges we know that 3 is closer to 2 than 5, but
on an ordinal scale as it could be {very good, good, medium, bad, very bad},
how can we know that medium is closer to good than very bad? Traditionally, or-
dinal classification problems have been solved ignoring the order among categories but
this is not a good simplification, since the error obtained by confusing the very bad
class with the medium one is equal to that of confusing the very bad class with the
very good one (when in an ordinal scale, the latter should be more penalized).

At this point it is important to highlight the contribution of this paper both to the
facility layout literature as well to the ordinal regression one. First, this paper introduces
the use of subjective evaluations of different experts for the resolution of the area facility
layout problem, which usually have been solved only taking into account objective
information (as material flow or adjacency requirements, among others). This paper
also presents a summary of some of the most used and successful methods in ordinal
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regression [21,12,18,24] and applies them to a problem of evaluation using a Likert
scale.

This paper is organized as follows: a brief analysis of the ordinal used algorithms is
given in Section 2. The UA-FLP database and its features are presented in Section 3.
Finally, we present the results of the analysed algorithms comparing with other state-
of-the art methods in Section 4 and Section 5 summarises the conclusions and future
work.

2 Methodology

In this section, some of the main methodologies in ordinal regression [21,12,18,24] are
slightly introduced for a better comprehension.

To clarify, a set of training samples will be denoted by (xi,yi)∈Rl ×R, i= {1, ...,N},
where xi ∈ Rl correspond to inputs and yi ∈ {1,2, ...,K} are the ordered class labels, K
is the number of classes for the problem, N is the sample size and finally, Nk is the
number of samples for the k-th class.

2.1 Kernel Discriminant Learning for Ordinal Regression

This algorithm (Kernel Discriminant Learning Ordinal Regression) [24] is a modifica-
tion of the well-known Kernel Discriminant Analysis (KDA) for dealing with ordinal
regression. The main goal of the method is to find the optimal projection for classify-
ing the patterns (i.e. the projection from which classes can be well separated), but in
this case also preserving the ordinal information of the data, i.e. the classes should be
ordered according to their rank in the projection.

For this, the algorithm analyses three different objectives: maximize the inter-class
distance, minimize the intra-class distance and ensuring the ordinal information of the
classes. The standard approach for that (LDA) uses a covariance matrix for measuring
the between-class matrix (Sb) and also a covariance matrix for the within-class distance
(Sw).

A kernel learning algorithm is used for solving non linear classification problems
by mapping the original training data into a higher dimensional feature space using a
function φ ( φ : x → φ(x)). At this point, the data will be linearly separable and, as a
result, the idea of discriminant learning can be applied. Thus, applying the kernel trick,
the covariance matrixes would be:

Sw =
1
N

K

∑
k=1

Nk

∑
i=1

(φ(xi)−Mk)(φ(xi)−Mk)
T ,

Sb =
1
N

K

∑
k=1

Nk(Mk −M)(Mk −M)T ,

where Mk =
1

Nk
∑Nk

i=1 φ(xi), and M = 1
N ∑N

i=1 φ(xi).
The optimization problem can be solved by the maximization of the so called

Rayleigh coefficient:
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J(w) =
wT Sbw
wT Sww

, (1)

where w is the projection we are looking for.
In order to solve the previously presented problem, the method is reformulated ap-

plying Lagrange multipliers and Quadratic Programming. For further information, the
procedure can be seen in [22].

2.2 Ensemble for Ordinal Regression by Frank & Hall

This algorithm [12] is a simple ensemble method which can be applied to any
probabilistic nominal model. Given k ordered classes, the classification problem is
transformed to k − 1 problems of binary classification. This is made by making a bi-
narization of the categorical variables in such a way that given an ordinal attribute A
with k possible values (y1,y2, . . . ,yk), k− 1 binary variables are obtained so the i-th at-
tribute represents A > yi . Then, k−1 models (of the base classifier) are trained and the
predicted probabilities are calculated too.

For predicting new unseen instances, the procedure consists of calculating the proba-
bilities of the k categorical variables, using for that the k−1 different models, and then,
the predicted target for the new instance would be the class with maximum probability
for this case.

Generally, the probability of belonging to one class is calculated as follows:

Pr(V1) = 1−Pr(Target >V1)

Pr(Vi) = Pr(Target >Vi−1)−Pr(Target >Vi)

Pr(Vk) = Pr(Target >Vk−1)

2.3 Extended Binary Classification

This method [18] is also based on binary classification but the procedure is different
to the proposal of Frank & Hall [12] previously explained. In this case, the problems
of binary classification are solved using only one model (although a decision rule is
needed for the prediction).

The algorithm transforms the training data (xi,yi) to extended data (x(k)i ,y(k)i ),1 ≤
k ≤ K − 1:

x(k)i = (xi,k), y(k)i = 2�k < yi�− 1, (2)

but using the specific weights:

wyi,k = |Cyi ,k −Cyi,k+1|, (3)

where C is a cost matrix, with Cyi ,k−1 ≥ Cyi,k if k ≤ yi and Cyi,k ≤ Cyi,k+1 if k ≥ yi.
Then, a binary classifier f will be used with all the extended data and it will generate
probabilistic outputs (which will be used by the decision rule for predicting).
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2.4 Proportional Odd Model

It is considered as one of the pioneer methods for ordinal regression since it was pro-
posed in 1980 [21]. It applies a threshold method based on logistic regression, also
making an assumption of stochastic ordering of the space X : for each pair x1 and x2 is
satisfied that P(y ≤Ci|x1)≥ P(y ≤Ci|x2) or P(y ≤Ci|x1)≤ P(y ≤Ci|x2).

3 Experiments

3.1 Dataset Description

The dataset presented in this paper is obtained using a genetic interactive algorithm [13]
which evolves taking into account the opinion of the experts and also, applies clustering
for not overload the user. Three experts have evaluated 500 different area layouts and
the three different evaluations have been joint in a unique one, using for that the median
of the marks, in order to obtain a more robust evaluation for each facility layout. The
choice of the median at this point is not arbitrary, it is justified because when using
a L1 norm (as it could be the MAE metric, which is used for cross-validation and for
estimating the performance of the different algorithms), the best centralized estimator
is the median.

The plant layouts have been created using the Flexible Bay Structure (FBS) proposed
by Tong [26] and the variables considered in the dataset are: the material flow between
facilities, the adjacency relationship, the distance requests, the aspect ratio contraints,
and the coordinates of each facility in the plant layout. These variables are calculated
using the formulation given by Aiello et al. [1].

The class distribution of the patterns in the dataset is: {10%, 26%, 47%, 11%, 6%}.
If the dataset were absolutely balanced, the percentage per class would be 20% (as there
are 5 classes), so in this case, we can consider that there are 3 unbalanced classes (class
1, 4 and 5).

3.2 Methods Compared

The methods compared are then:

– LDAOR and KDLOR: These algorithms are explained in Section 2. They were
implemented and run using Matlab.

– SVM: Support Vector Machine is a well-known baseline nominal classifier which
considers the standard C-SVC with soft margin and Gaussian kernel [11].

– Ensemble F&H: SVM method is also used as the base of this ensemble. It was
implemented using Matlab.

– EBC(SVM): SVM is used as the base binary classifier for this method. SVM,
EBC(SVM) and F&H(SVM) have been configured and run with the libsvm [9].

– POM: Logistic regression method for ordinal classification [21]. It was also imple-
mented and run using Matlab.
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3.3 Evaluated Measures

The performance of classification machine learning algorithms is typically evaluated
using the accuracy metric. However, this is not appropriate when the data is unbalanced
and/or the costs of different errors vary markedly (as in ordinal regression). For this rea-
son, we also introduce the use of other metrics, which performs better for unbalanced
and ordinal data. The metrics used are: CCR (threshold metric), Rs (ordinal metric in-
variant to class targets), MAE (usually used in ordinal classification) and AMAE (for
ordinal and unbalanced classification). A more detailed description is now given:

– Correct Classification Rate (CCR):

CCR =

(
1
N

) N

∑
i=1

(I(ŷi = yi)),

where I(·) is the zero-one loss function, yi is the desired output for pattern i, ŷi is
the prediction of the model and N is the total number of patterns in the dataset.

– Spearman’s rank correlation coefficient (Rs): This metric is used in order to avoid
the influence of the numbers chosen to represent the classes on the performance
assessment [8]:

Rs =
∑(yi − μ(y)) · (ŷi− μ(ŷ))√
∑(yi − μ(y))2 ∑ (ŷi − μ(ŷ))2

,

where μ(x) represents the mean for the vector x.
– Mean Absolute Error (MAE): it is defined as the average deviation in absolute

value of the predicted class from the true class. It is a commonly used for ordinal
regression:

MAE =
1
N

N

∑
i=1

|yi − ŷi|,

where yi is the true rank for the i− th pattern, and ŷi corresponds to the predicted
rank for the same pattern. N is the number of test patterns.

– Average Mean Absolute Error (AMAE): it measures the mean of the classification
errors across classes:

AMAE =
1
K

K

∑
j=1

MAE j,

where MAE j is the Mean Absolute Error (MAE) taking into account only patterns
from class j. AMAE is preferred to MAE when dealing with unbalanced data [5].

3.4 Evaluation and Model Selection

For the evaluation of the results, a holdout stratified technique to divide the data has
been applied 30 times, with the 75% of the patterns to train the model, and the remain-
ing 25% to test it. The results are taken as the mean and standard deviation of the mea-
sures over the 30 test sets. The parameters of each algorithm are chosen using a k-fold
method with k = 5 with each of the 30 training sets. The final combination chosen is the
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one which obtains in mean the best average performance for the validation sets, where
the metric used is the MAE [5]. The kernel selected for all the algorithms (Kernel Dis-

criminant Learning methods and SVM) is the Gaussian one, K(x,y) = exp
(
−‖x−y‖2

σ 2

)
where σ is the standard deviation. The kernel width was selected within these values
{10−3,10−2, . . . ,103}, and so was the cost parameter associated to the SVM methods.
The parameter u for avoiding singularity (for the methods based on discriminant analy-
sis) was selected within {10−4,10−3,10−2,10−1}, and the C parameter for the KDLOR
was selected within {10−1,100,101}.

4 Results

The results of all the methods are included in Table 1. From these results, some con-
clusions can be drawn. First of all, good results are obtained by several methods, such
as KDLOR or SVMRank. These results can be considered as good enough for the pro-
posed objective in the application since most of the methods here used could work well
in the genetic algorithm and guide the searching instead of using clustering. On the
other hand the results obtained with the LDAOR (the non-kernel discriminant analy-
sis), demonstrate the necessity of applying the kernel trick. Also, by comparing the
results of the standard SVM, the SVMRank and the F&H(SVM), the application of an
ordinal classification algorithm is justified, as it can significantly improve the results.

Another important issue to take into consideration is the execution complexity of the
used algorithm, since it should not be forgotten that the model would be included in a
genetic algorithm, for that, the KDLOR algorithm would be preferred rather than the
SVMRank as this one can be classified as an ensemble method.

Table 1. Mean and Standard Deviation (SD) of CCR, Rs, MAE and AMAE from the 30 models
obtained by the different methods for the test sets

Mean±SD
Algorithm CCR Rs MAE AMAE
KDLOR 75.42±3.72 0.843±0.032 0.268±0.047 0.421±0.080
LDAOR 46.43±3.89 0.679±0.047 0.619±0.053 0.555±0.078

POM 60.87±4.27 0.713±0.066 0.434±0.052 0.528±0.104
SVM 46.87±0.27 0.000±0.000 0.689±0.006 1.200±0.000

SVMRANK 75.36±4.59 0.818±0.047 0.272±0.053 0.357±0.100
F&H(SVM) 73.91±3.59 0.737±0.050 0.322±0.045 0.524±0.098

The best method is in bold face and the second best one in italics

A parametric test has been performed, comparing the algorithms which obtain the
best results: KDLOR and LibSVMRank, in order to study the significance of the means
obtained. Firstly of all, we checked that the conditions for the parametric test were sat-
isfied: independence of the sample, same variances (using the Levene test), and normal
distribution of the sample (Kolmogorov-Smirnov test). The performed test (Student’s t
test) shown no significant differences taking into account CCR and MAE (the associ-
ated p-values were respectly 0.954, and 0.762). However, the results shown significant
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differences for AMAE and Rs (the associated p-values were 0.09 and 0.028) respectly
favouring SVMRank and KDLOR.

Summarising, we consider the KDLOR algorithm as the more appropiate for the
proposed problem, as it obtained a better performance in three of the four considered
metrics and a smaller standard deviations (which indicates that the results are more
robust). The worst results are achieved taking into account the AMAE metric, which is
more suitable for unbalanced classification. Due to this, the authors are working on a
possible modification of this algorithm for dealing with unbanlaced datasets in order to
obtain better results. This modification of the KDLOR would change the thresholds of
the model according to the inverse of the number of patterns per class (so it would give
more significance to the minority classes).

5 Conclusion and Future Work

This paper introduces the use of ordinal regression for solving the Unequal Area Facility
Layout Problem, which takes into account subjective evaluations from different experts.
Concerning the application, the results obtained have demonstrated to be good enough
in such a way that the best model could be integrated in a genetic algorithm in order to
relieve the arduous evaluating task of the experts and could guide a searching process so
that new solutions can be discovered. Also, the application of ordinal regression seems
a good approximation since (as demonstrated) it can significantly improve the results.

As future work, the two best obtained models will be integrated in the genetic
algorithm, and the area layouts evaluated with the higher rank (i.e. very good) will
be analysed by the experts in order to validate the methodology. Also, as the Kernel
Discrimination Learning for Ordinal Regression algorithm is the one that shows the
best results taking into account general metrics (not specialized in measuring unbal-
anced classification), a modification of this algorithm is being studied, changing in
this case the thresholds of the model in order to deal and better perform with unbal-
anced problems. This “threshold moving” modification for unbalanced problems will
be tested with other datasets, and applied to other ordinal classification algorithms (as
SVM methods or the Frank & Hall approach previously explained).
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Abstract. In the areas of Data Mining (DM) and Knowledge Discovery (KD),
large variety of algorithms has been developed in the past decades, and the re-
search is still ongoing. Data mining expertise is usually needed to deploy the
algorithms available. Specifically, a process of interconnected actions referred to
as knowledge flow (KF) needs to be assembled when the algorithms are to be ap-
plied to given data. In this paper, we propose an innovative evolutionary approach
to automated KF synthesis and optimization. We demonstrate the evolutionary
KF synthesis on the problem of classifier construction. Both preprocessing and
machine learning actions are selected and configured by means of evolution to
produce a model that fits very well for a given dataset.

1 Introduction

Several research attempts have been made in order to automate the construction of the
KD process. In [1], an ontology of knowledge is modeled and the knowledge flow
is constructed through the use of automated planning. In our opinion, an exhaustive
enumeration is too limiting. There are thousands of different knowledge flows available
online, some of which are highly specialized for a given problem. The KD ontology
should be constructed in manner rather inductive than deductive.

A framework for an automated DM system using autonomous intelligent agents is
proposed in [2]. In the FAKE GAME project [3], Evolutionary Computation (EC)
was used to automate certain steps of the KD process. In FAKE GAME, genetic algo-
rithm (GA) is used to evolve neural networks. In this paper, we further extend this work
to automate the knowledge flow synthesis, this time by means of genetic programming
(GP).

There are several motivations for process-oriented view of DM and KD. Wide range
of algorithms for automated extraction of information from data has been developed in
the last decades. These algorithms, however, are of specialized roles in the context of
the whole KD procedure. While some of these algorithms focus on data preprocessing,
others are designed to learning and model building, and yet others are able to visual-
ize data and models in various forms. Only when orchestriated, these algorithms are
able to deliver useful results. We believe that viewing KD tasks as problems of finding
appropriate knowledge flows is the right approach to KD automation.
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2 Knowledge Flows

The composition of KD processes can be expressed in form of oriented graphs called the
knowledge flows (or workflows in general). These knowledge flows became standard
way of representing interconnected actions that need to be executed in order to obtain
useful knowledge [1].

In our context, knowledge flow (KF) is understood as directed acyclic graph (DAG)
consisting of labeled nodes and edges. The nodes are called actions and can be thought
as general transformations. The edges serve as transition channels between the actions.
A general process is shown in Fig. 1.

Fig. 1. A dynamic view of a general knowledge flow

Fig. 2. A general nesting of knowledge flows

There is a special kind of actions that require not only connection of input ports,
but also a specification of some inner processes. This is typical for meta-learning ap-
proaches that combine, for example, multiple machine learning methods to produce
ensembles of models [4]. This is why we further extend our definition of KF with nest-
ing, i.e. allowing a node to contain an inner process and thus creating DAG hierarchy.
Hierarchical DAGs seem to be approach suitable enough to capture vast majority of
thinkable KD processes. A general nesting is shown in Fig. 2.
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3 Related Evolutionary Computation Methods

Evolutionary Computation (EC) is an area of optimization using population of candi-
date solutions that are optimized in parallel. These solutions interact with each other
by means of principles inspired by biological evolution, such as selection, crossover,
reproduction, and mutation [5].

There are many branches in EC, some of which arose independently on each other.
The most prominent are the Genetic Algorithm (GA), Genetic Programming (GP), Evo-
lutionary Programming (EP), and Evolution Strategies (ES). Several attempts have been
done to adapt EC techniques for evolving DAGs as summarized below.

3.1 Approaches to Evolution of Graphs

In 1995, Parallel Algorithm Discovery and Orchestration (PADO) was introduced, aim-
ing at automating the process of signal processing [6,?]. In its early version [6], it used
GP to evolve tree-structured programs for classification task. In later version [7], trees
were replaced by general graph structures.

A more systematic and general approach to DAG evolution is the Cartesian Ge-
netic Programming (CGP) [8]. Nodes are placed into grid of fixed width and height,
and a genome of inter-node connections and functions to be placed into the nodes is
evolved. Although CGP may be used for various domains, it especially targets evolu-
tion of Boolean circuits.

In [9], evolution of analog electrical circuits using Strongly Typed GP (STGP) is
introduced by J.R. Koza. The principle of cellular encoding proposed in [10] for evolu-
tion of neural networks is further extended and generalized. The algorithm starts with
minimal embryonic circuit, changes to which are expressed as a GP tree. Non-terminals
of the tree code topology operations such as splitting a wire into two parallel wires,
whilst terminal code placing electrical components onto the wire. The principle is very
general and allows us to design the GP grammar that suits best for a given problem.

Besides the aforementioned general approaches to graph evolution, a lot of atten-
tion has been paid to evolution of Artificial Neural Networks (ANNs). Research in this
area, which is also known as neuroevolution, produced large variety of algorithms for
both the optimization of synaptic weights and the topology. From our point of view,
the only interesting are topology-evolving algorithms, sometimes called as Topology
and Weight Evolving Neural Networks (TWEANNs) [11]. Generalized Acquisition of
Recurrent Links (GNARL) evolves recurrent ANNs of arbitrary shape and size through
the use of Evolutionary programming. Symbiotic, Adaptive Neuro-Evolution (SANE)
evolves feed-forward networks of single hidden layer. There are two populations: the
first one evolves neurons, and the second one evolves final networks connecting neurons
together. In 2002, one of the most successful neuroevolution algorithms, NeuroEvolu-
tion of Augmenting Topologies (NEAT) [11] was introduced. Similarly to STGP em-
bryonic evolution of circuits, it starts with minimal topology which grows during the
evolution. It uses GA-like genome to evolve population of edges, and employs several
sophisticated mechanisms such as niching and informed crossover.

From all the mentioned algorithms, the most suitable for evolution of KFs seem to
be CGP, NEAT, and Embryonic STGP. CGP has two limitations: it bounds the maximal
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size of the graph and does not use strong typing as the actions in KF do. NEAT puts no
limits on the size of the graph, but does not respect arities and I/O types of the actions.
The most promising seems to be the Embryonic STGP proposed in [9] as it allows us
to evolve KFs of arbitrary sizes and is able to respect both the I/O arities and types of
the actions. That is why we decided to further investigate Embryonic STGP.

3.2 Embryonic Strongly Typed Genetic Programming (STGP)

Based on Frédéric Gruau’s cellular encoding (CE) for neuroevolution [10], J. R. Koza
introduced GP-based algorithm for automated design for both the topology and sizing
of analog electrical circuits [9]. In CE, the program tree codes a plan for developing a
complete neural network from some simple, initial topology. Similarly to CE, Koza’s
algorithm starts from trivial circuit, which is called the embryonic circuit.

In the embryonic circuit, there are several components (such as capacitors, inductors,
etc.) fixed, and there are two wires that writing heads are pointing to. Accordingly, the
root of the GP tree being evolved contains exactly two subtrees, each subtree expressing
the development of one of these wires. The nodes are strongly typed, allowing us to
evolve different aspects of the circuit. For the purposes of GP tree construction, there
are several categories of nodes available:

1. Circuit-constructing functions and terminals that create the topology of the cir-
cuit. These include parallel and serial split of a wire, and polarity flip.

2. Component-setting functions that convert wires within the circuit into compo-
nents, such as capacitors, resistors, and inductors.

3. Arithmetic-performing functions and numerical terminals that together specify
the numerical value (sizing) of each component in the circuit.

This allows the resulting circuit to be fully specified within single GP tree. The results
of the algorithm seems very promising. In [12], the algorithm is applied to other types
of analog electrical circuits, and is reported as human-competitive as it was able to find
circuits very similar to those that have been previously patented.

4 Evolution of Knowledge Flows

We will demonstrate our approach on particular subproblems of the knowledge discov-
ery process: data preprocessing and algorithm selection tasks for supervised classifi-
cation problems.

Generally, if the task is well-defined, there is usually some template for the KF that
can be used to solve the task. In such a template, some of the blocks are fixed, while
others may vary. The fixed parts of the template reflect the semantics of the task. The
variable parts may be modified in order to adapt the template so it maximizes the perfor-
mance on specific dataset. This exactly matches the presumptions of STGP approach to
circuit evolution proposed by J. R. Koza in [9]. Given such an embryonic template and
a dataset, our algorithm will evolve the variable parts to fit the final KF to the dataset as
well as possible.
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Specifically, for our exemplary problem of classifier construction, we are given
a dataset, and a set of preprocessing and learning actions that can be integrated into
the classifier template shown on Fig. 3. The algorithm then automatically constructs a
classifier KF based on this template.

Fig. 3. A template of the Classifier selection process: Variable parts are to be evolved

The actions available may be used to complete/fine-tune the process. As shown in
Fig. 3, our task is to find a combination of preprocessing steps (e.g. preprocessing
model) and a learning algorithm that is able to learn from preprocessed data with high
classification accuracy. The accuracy is estimated using 20-fold cross-validation.

Traditionally, there is human assistance needed in order to complete such a template.
Furthermore, even the human expert often selects appropriate methods in trial-and-error
manner. There is a large number of degrees of freedom, making it a difficult optimiza-
tion problem. Moreover, dozens of parameters often need to be configured to fine-tune
the classifier. Our task is to design an evolutionary algorithm that would, for a given
dataset, construct the classification process automatically.

4.1 Our Approach

Based on problem analysis, we propose to adapt embryonic STGP according to [9] to
construct the KF from a template. The method of encoding the topology of the graph,
along with the parameters, into a single STGP program tree, is very flexible. In fact,
the KF construction problem can be addressed easily by only slight modification of
the algorithm. All the actions and their parameters (both numerical and categorical)
can easily be embodied into the genotype through the use of type-specific subtrees.
Moreover, nested processes can easily be encoded through the use of subtrees, as well.

In order to adapt the embryonic STGP algorithm to the evolution of KD processes,
a problem-specific grammar needs to be designed. Hence the grammar is further
investigated in this section.
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4.2 Cross-Validation Process Grammar

In accordance with Fig. 3, there are two top-level points where the expansion of the
process should be started. Basically, two crucial substructures are to be evolved: the se-
quence of configured preprocessing actions, and the configured learning action. For that
reason, we propose the root of GP tree to be non-terminal strongly typed as Workflow.
A node of this type will have exactly two descendants. The first descendant will be of
type Preprocessing and will encode the chain of processing actions. The second
descendant will encode the configured learner action and will be of type Learner.
Learners can be nested as shown in Fig. 4.

Fig. 4. Bagging Meta-Learner Grammar and Its Semantics

This can be expressed using Backus-Naur Form as:

<Workflow> ::= KF(<Preprocessing,Learner>)
<Preprocessing> ::= <AttributeSelection> | <PCA> |

PreprocessTerminal
<Learner> ::= <kNN> | <NaiveBayes> |

<DecisionTree> |
<MajorityVote> | <Bagging>

As can be seen, the structure can be constructed in hierarchical manner, making GP
approach very flexible. Because our hierarchy of non-terminals is very large, we will
further demonstrate the principle only briefly, showing the power and universality of GP
approach. Further decomposition of <AttributeSelection> moving down until
the level of integers follows:
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<AttributeSelection> ::= AS(attrs=<SetOfIntegers>,
invert=<BooleanConstant>,
next=<Preprocessing>)

<SetOfIntegers> ::= SetMember(<SetOfIntegers>,<Integer>) |
SetTerminal

<Integer> ::= IntegerPlus(<Integer>,<Integer>) |
IntegerMultiply(<Integer>,<Integer>) |
IntegerDivide(<Integer>,<Integer>) |
1 | 2 | ... | 10

Design of the rest of the grammar is completely analogous and can be designed easily
for various knowledge flows solving different tasks. Very complex information can be
encoded into the tree, allowing us to move downwards in the hierarchy and design
actions that are appropriate for given layers of abstraction. We further investigate only
the case study of classifier KF.

5 Experiments

The algorithm proposed in the previous section has been tested on several datasets with
very promising results. Fig. 5 shows average accuracy over first 30 generations based on
10 runs of the algorithm on Ecoli dataset from the UCI Machine Learning Repository
[13]. Many interesting solutions have been found for different datasets. An example GP
tree, found for Ecoli dataset, is shown in Fig. 6.

Fig. 5. Evaluation of the Evolutionary Classifier Process Construction on the Ecoli dataset



30 T. Rehorek and P. Kordik

Fig. 6. A sample tree evolved on Ecoli dataset

Despite the very limited number of available preprocessing and learning actions, the
algorithm managed to find a satisfactory solution for most of the datasets. In most cases,
a good solution was in the first generation within the randomly generated individuals.
Indeed, this is because the limited set of learners. In the RapidMiner learning envi-
ronment, for example, there are dozens of preprocessing and learning operators avail-
able. If included into the set actions used by our algorithm, the results could be further
improved.

Even though the classification accuracy is improved only by units of percents during
the evolution, in the field of DM, this is not insignificant. In fact, it is a very difficult
task to improve the results at the point where the learning algorithms reach their lim-
its. However, in many areas such as e-commerce, improvement of a single percent in
accuracy may result in considerable economic benefits.

To improve the accuracy for hard datasets, complex ensemble of models often needs
to be built. This is shown of Fig. 7, where a very complex tree evolved in order to maxi-
mize classification accuracy on Vehicle dataset from UCI Machine Learning Repository

Fig. 7. A very complex tree evolved on Vehicle dataset
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[13] is shown. As can be seen, it uses a majority vote on the top of 14 inner learners.
This is consistent with the results obtained by a different strategy [14], where complex
ensemble of models was also obtained for the Vehicle data.

6 Conclusion

In this paper an efficient algorithm for automated construction of KD process was in-
troduced. Given list of appropriate preprocessing, modeling and parameter-tuning node
types, the algorithm constructs a classifier that minimizes classification error on a given
dataset. As it is based on universal concepts of GP and embryonic graph construction,
it is reasonable to expect the algorithm to be suitable for many similar problems. Given
a well-defined task and a set of appropriate actions, the algorithm constructs process of
near-optimal behavior.

We have also presented promising preliminary results of the KD process evolution.
Our approach futher extends capabilities of the SpecGEN algorithm [4] by incorporat-
ing data preprocessing operators. As a future work, we plan to benchmark the presented
approach on bigger collection of problems and evaluate the effect of each improvement.
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Abstract. In this work, with combination Bisection method and Arti-
ficial bee colony algorithm together(BIS-ABC), We introduce the novel
iteration method to solve the real-valued fix point problem f(x) = x, x ∈
[a, b] ⊆ R. Let f(a).f(b) < 0 and there exist α ∈ [a, b], f(α) = α. In this
way, without computing derivative of function f , real-roots determined
with this method that is faster than ABC algorithm. In numerical anal-
ysis, NewtonRaphson method is a method for finding successively better
approximations to the simple real roots, if f ′(xi)− 1 = 0,in ithiteration,
then Newton’s method will terminate and we need to change initial value
of a root and do algorithm again to obtain better approximate of α. But
in proposed method, we reach to solution with direct search in [a, b], that
includesα(convergence speed maybe less than of Newton’s method). We
illustrate this method by offering some numerical examples and compare
results with ABC algorithm.

Keywords: Bisection method, Root-finding method, Fix point prob-
lems, Artificial Bee Colony algorithm.

1 Introduction

Solving real-valued equationf(x) = x, x ∈ [a, b] ⊆ R(Finding simple roots)is
one of the most important problem in engineering and science. The Bisection
method in mathematics, is a root-finding method which repeatedly bisects an
interval, then selects a subinterval in which a root must lie for further processing.
It is a very simple and robust method, but it is also relatively slow. Because of
this, it is often used to obtain a rough approximation to a solution which is then
used as a starting point for more rapidly converging methods[1]. The method is
also called the binary search method[1] and is similar to the computer science
binary search, where the range of possible solutions is halved each iteration. Ar-
tificial bee colony (ABC) is one of the most recently defined algorithms by Dervis
Karaboga in 2005, motivated by the intelligent behavior of honey bees [4],[8]. It
is as simple as Particle Swarm Optimization (PSO) and Differential evolution
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(DE) algorithms, Genetic algorithm (GA)[2], biogeography based optimization
(BBO), and uses only common control parameters such as colony size and max-
imum cycle number. ABC as an optimization tool, provides a population-based
search procedure in which individuals called foods positions are modified by the
artificial bees with time and the bee’s aim is to discover the places of food sources
with high nectar amount and finally the one with the highest nectar. In ABC
system, artificial bees fly around in a multidimensional search space and some
(employed and onlooker bees) choose food. Development of an ABC algorithm
for solving generalized assignment problem which is known as NP-hard prob-
lem is presented in detail along with some comparisons[7]. Sources depending on
the experience of themselves and their nest mates, and adjust their positions.
A novel iteration method for solve hard problems directly with ABC algorithm
is presented with P. Mansouri et.all in 2011[9]. In this paper, we introduce a
combination iteration method to solve equation f(x) = x, x ∈ [a, b] ⊆ R . At
the first step, the ABC generates a randomly distributed initial population P of
n solutions xi, i = 1, 2, ..., n(approximate values for α ∈ [a, b] ), where n denotes
the size of population. Let f(a).f(b) < 0, Bisection method repeatedly bisects an
interval, then selects a subinterval in which a root must lie for further processing.
At the kth iteration(k ≥ 1), interval width is 0.5k.(b− a) and,

Δxk = |xk − xk1| = (0.5)k(b− a)

and the new midpoint is

xk =
ak−1 + bk−1

2
, k = 1, 2, ...

In Section 1.1, the ABC algorithm, Bisection method and Newton method are
described. In section 2, we explain and discussed about our method. In section
3, we compare accuracy and complexity of proposed method and ABC algo-
rithm with some examples. In section 4, we discuss about ability of the proposed
method.

1.1 Artificial Bee Colony Algorithm

Artificial bee colony algorithm (ABC) is an algorithm based on the intelligent
foraging behavior of honey bee swarm, purposed by Karaboga in 2005 [3]. In
ABC model, the colony consists of three groups of bees: employed bees, onlook-
ers and scouts. It is assumed that there is only one artificial employed bee for
each food source. In other words, the number of employed bees in the colony is
equal to the number of food sources around the hive. Employed bees go to their
food source and come back to hive and dance on this area. The employed bee
whose food source has been abandoned becomes a scout and starts to search
for a new food source. Onlookers watch the dances of employed bees and choose
food sources depending on dances. The pseudo-code of the ABC algorithm is as
following:
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Algorithm 1:( artificial bee colony algorithm).

01. Initialize population with random solutions.
02. Evaluate fitness of the population.
03. While (stopping criterion not met) Forming new population.
04. Select sites for neighborhood search.
05. Recruit bees for selected sites (more bees for best sites) and evaluate

fitnesses.
06. Select the fittest bee from each patch.
07. Assign remaining bees to search randomly and evaluate their fitnesses.
08. End While.

In ABC which is a population based algorithm, the position of a food source rep-
resents a possible solution to the optimization problem and the nectar amount
of a food source corresponds to the quality (fitness) of the associated solution.
The number of the employed bees is equal to the number of solutions in the
population. At the first step, a randomly distributed initial population (food
source positions) is generated. After initialization, the population is subjected
to repeat the cycles of the search processes of the employed,onlooker, and scout
bees,respectively. An employed bee produces a modification on the source po-
sition in her memory and discovers a new food source position. Provided that
the nectar amount of the new one is higher than that of the previous source,
the bee memorizes the new source position and forgets the old one. Otherwise
she keeps the position of the one in her memory. After all employed bees com-
plete the search process, they share the position information of the sources with
the onlookers on the dance area. Each onlooker evaluates the nectar informa-
tion taken from all employed bees and then chooses a food source depending
on the nectar amounts of sources. As in the case of the employed bee, she pro-
duces a modification on the source position in her memory and checks its nectar
amount. Providing that its nectar is higher than that of the previous one, the
bee memorizes the new position and forgets the old one. The sources abandoned
are determined and new sources are randomly produced to be replaced with the
abandoned ones by artificial scouts.

Bisection Method. The Bisection Method is a numerical method for estimat-
ing the roots of the real-valued problem f(x) = 0. It is one of the simplest and
most reliable, but it is not the fastest method. Assume that f(x) is continuous.

Algorithm 2:( Bisection method algorithm ).
Given the continuous function f(x). Find points a and b such that a < b and

f(a).f(b) < 0. Then we obtain midpoint x1 of interval [a, b] as follows:

Δxi = |xi − xi1| = (0.5)i(b − a)

and the new midpoint is

xi = (ai1 + bi−1)/2
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2 The Combination of Bisection Method and Artificial
Bee Colony Algorithm

In this work, we introduced a novel iteration algorithm with combing the Bisec-
tion method and ABC algorithm(BIS-ABC)to obtained the solution of hard fix
pint problem as g(x) = x, without need to compute derivative of g(x). With this
method, the sequence of closed intervals Ii, i ∈ N constructed that Ii includes
the solution. Let f(x) = g(x) − x, we obtain sequence of approximate values
xi, xi ∈ Ii = [ai, bi], i ∈ N . Initial value of solution approximated by ABC algo-
rithm. Let I1 = [a1, b1], so a1 = a, b1 = b. At the first iteration, ABC algorithm
randomly generates x1. Bisection method computes f(x1).f(a), bisect interval
to halve of that I2. We assume that for each n, In+1 is either [an, (an + bn)/2]
or [(an + bn)/2, bn]. At the each step, we bisect the interval and choose one of
the resulting half-intervals as the next interval and obtain randomly new value
of root by ABC algorithm. It is clearly true that In+1 ⊆ In, so the intersection
of all the In’s is nonempty, and there is at least one number c which belongs
to all the intervals. We claim further that there is exactly one number c which
is belong to all the intervals. Because of the bisection construction, we know
that bn − an = 0.5n(b − a). Suppose that c ≤ d are numbers each of which
belongs to all of the intervals In. Clearly 0 ≤ (d − c) ≤ bn − an for each n.
Thus 0 ≤ (d − c) ≤ 0.5n(b − a) for every n. But this means that d − c = 0, so
c = d. Always the Bisection method is understood as a way of closing down on
a uniquely determined number in [a, b] with desired properties. We determine Ik
as follows:

01. if f(xk−1).f(ak−1) ≤ 0,
02. then α ∈ [ak−1, xk−1],
03. else α ∈ [xk−1, bk−1],

We focus to new interval Ik = [ak, bk], that a ≤ ak ≤ bk ≤ b and α ∈ Ik.

Algorithm 3:(Algorithm of Proposed method)
Source code for find Ik is as following:

01. if (f(xk−1).f(ak−1)) < 0),
02. then bk = (xk−1 + bk−1)/2, end,
03. temp = (xk−1 + ak−1)/2;
04. if (f(temp).f(xk−1) < 0),
05. then ak = temp,
06. else temp = (temp+ ak−1)/2, end,
07. else ak = (xk−1 + ak−1)/2,
08. temp = (xk−1 + bk−1)/2,
09. if (f(temp).f(xk−1) < 0),
10. then bk = temp,
11. else temp = (temp+ bk−1)/2, end, end,
12. If abs(bk − ak) ≤ ε,
13. then α � (ak + bk)/2.
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We illustrate this algorithm with some examples and compare results of proposed
method with Newton method and ABC algorithm.

3 Numerical Examples

In this section, BIS-ABC is applied to solution of some examples. Because the
Newton method is one of best iterative method to solving hard problems, it’s
necessary to compare our result and Newton method’s result.

3.1 Example1

Consider the problem f(x) = x where,

x2 − 8 = x (1)

This example has two real-simple roots, we obtain one of them with our method,
and compare accuracy of that with Newton method and then we solve this
problem by using ABC algorithm and compare results. Assume α ∈ [a0, b0] =
[−20, 2] and f(x) = x2 − 8− x.

By proposed algorithm at section3, after 50 iteration, solution achieved as
follows,

α = −2.37228, f(α) = 7.10543e− 015,

Newton method with initial guess= −20 after 50 iteration reaches to solution as
follows:

α = −2.37228, f(α) = −7.6016e− 006,

Result of solving this problem by ABC algorithm, after 50 iteration is as follows:

α = −2.3728, f(α) = 1.93489e− 03,

In Table1 we compare results of ABC algorithm and proposed method. As Table1
shows proposed method is too much faster than ABC algorithm and accuracy is
good.

Table 1. Comparative results of example.1

Method α f(α) Iteration-No

ABC Method -2.3728 1.93489e-03 50
Proposed Method -2.37228 7.10543e-015 50
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Fig. 1. The result of proposed method and ABC algorithms to solve the fix point
problem of example.1

3.2 Example2

Consider the following equation:

x2

4000
− cos(x) + 1 = x; (2)

Assumption that f(x) = x2

4000 − cos(x) + 1 − x, it is clear that f(0) = 0. By
choosing initial interval [a, b] = [−20, 20], proposed algorithm at section3, after
50 iteration achieved to solution as follows,

α = −3.81139e− 015, f(α) = 3.81139e− 015,

By Newton method with initial guess x0 = 20, after 50 iteration we achieve the
solution:

α = 0, f(α) = 0,

Then the proposed method’s result is good. We obtained solution with ABC
algorithm, after 50 iteration as follows:

α = −0.0422, f(α) = 0.043048,

In Table2, we compare result of ABC algorithm and proposed method. Results
show ABC algorithm is very slow, but convergence speed of proposed method is
too much faster than that.
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Table 2. Comparative results of proposed method and ABC algorithms on the
example.2

Method α f(α) Iteration-No

ABC Method -0.0422 0.043048 50
Proposed Method -3.81139e-015 3.81139e-015 50

Fig. 2. The result of proposed method and ABC algorithms to solving of fix point
problem of example.2

3.3 Example3

Consider the following equation:

x3 − x+ 2 = x; (3)

With BIS-ABC algorithm, assumption that α ∈ [a, b] = [−10, 10], after 50 iter-
ation, we obtained the solution as follows:

α = −1.76929, f(α) == −3.41949e− 014

By the Newton method with initial guess x0 = 0, we achieved

x1 = 1, f(x1) = 1, x2 = 0, f(x2) = 2, x3 = 1, x4 = 0, ...,
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With initial guess x0 = 0, Newton method fall down to the loop and is fail
to obtain solution. In this case we should change initial value or continue with
another iterative methods as Bisection method to achieve good approximation
value of the solution .

In Table3, we compare result of MABC and ABC algorithms. Results show
convergence speed of BIS-ABC method is too much faster than ABC algorithm.

Table 3. Comparative results of example.3

Method α f(α) Iteration-No

*Newton Method — — —
ABC Method -1.80176 0.245589 50

Proposed Method -1.76929 -3.41949e-014 50
∗: Newton method fall down to the loop and cannot get an good approximation of

the solution.

Fig. 3. The result of proposed method and ABC algorithms to solving of fix point
problem of example.3

4 Conclusion

In this paper we study a novel iteration method for solving Hard fix point prob-
lems by using Artificial bee colony algorithm. If equation g(x) = x to be hard,
sometimes, it is difficult to determine suitable initial value close to the loca-
tion of a root of given equation and compute derivative of the given function .
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We solve these problems by using ABC algorithm, without need to choose ini-
tial close value to root and without compute derivative of the given function
f(x) = g(x) − x . As we show that in example3. Hence, some times Newton
method to solve hard problems may be fall to the loop and algorithm is stop-
ping, but without any problem, proposed method directly search to approximate
solution of given problem in suitable domain of optimal solution.. This algorithm
is easy to use and reliable. As Comparison shows accuracy of proposed method
also is good.
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Abstract. A multiobjective optimization system based on both subjec-
tive and objective information for assisting facility layout design is pro-
posed on this contribution. A data set is constructed based on the expert
evaluation of some facility layouts generated by an interactive genetic al-
gorithm. This dataset is used for training a classification algorithm which
produces a model of user subjective preferences over the layout designs.
The evaluation model obtained is integrated into a multi-objective opti-
mization algorithm as an objective together with reducing material flow
cost. In this way, the algorithm exploits the search space in order to
obtain a satisfactory set of plant layouts. The proposal is applied on a
design problem case where the classification algorithm demonstrated that
it could fairly learn the user preferences, as the model obtained worked
well guiding the search and finding good solutions, which are better in
term of user evaluation with almost the same material flow cost.

1 Introduction

Facility Layout Design (FLD) determines the placement of facilities in a man-
ufacturing plant with the aim of determining the most effective arrangement in
accordance with some criteria or objectives, under certain constraints. In this
respect, Kouvelis et al. (1992) [11] provided that FLD is known to be very impor-
tant for production efficiency because it directly affects manufacturing costs, lead
times, work in process and productivity. According to Tompkins et al. (2010) [20],
well laid out facilities contribute to the overall efficiency of operations and can
reduce between 20% and 50% of the total operating costs. There are many kinds
of layout problems. This contribution focus on the Unequal Area Facility Layout
Problem (UA-FLP) as formulated by Armour and Buffa (1963) [3]. In short, UA-
FLP considers a rectangular plant layout that is made up of unequal rectangular
facilities that have to be placed effectively in the plant layout.

Aiello et al. (2012) [2] stated that, generally speaking, the problem of design-
ing a physical layout involves the minimization of the material handling cost as
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the main objective. But, there are other authors that consider additional quan-
titative performance, as for example, Aiello et al. (2006) [1], who have addressed
this problem taking into account criteria that can be quantified (e.g., material
handling cost, closeness or distance relationships, adjacency requirements and
aspect ratio), which are used in an optimization approach. However, Babbar-
Sebens and Minsker (2012) [4] established that these approaches may not ade-
quately represent all of the relevant qualitative information that affect a human
expert involved in design (e.g. engineers). In this way, qualitative features some-
times also have to be taken into consideration. Brintup et al. (2007) [5] stipulated
that such qualitative features are complicated to include with a classical heuris-
tic or meta-heuristic optimization. Besides, according to Garcia-Hernandez et
al. (2011) [10] these qualitative features can be subjective, not known at the
beginning and can be changed during the process. As a consequence, the par-
ticipation of the designer is essential to include qualitative considerations in
the design. Moreover, involving the designer in the process provides additional
advantages which have been detailed in its work.

The Interactive Genetic Algorithm (IGA) developed for FLD [10] consider
user evaluation and handle subjective features. This algorithm uses a clustering
mechanism to reduce the number of evaluations required from the user. However,
running the IGA can be a tedious task for a designer, as many evaluations are
still required. Fatigue is the main reason for an early stop of IGAs [14], thus
reducing the possibilities of the system to find better designs. Moreover, user
evaluation is some orders of magnitude slower than computed evaluation, leading
necessarily to a much smaller search capacity. Learning user design preferences
over a concrete layout problem would allow to simulate user responses. In this
way, fatigue could be avoided and search could be performed much faster, which
is specially useful in the context of the large search space of facility layouts. The
goal of this contribution is to design a system that is able to learn these user
layout preferences and perform a search considering both, the user preferences
and other objective criteria.

For a layout design, the user evaluation considered in the IGA is of an absolute
type deciding among five possible values for each design. From the user point of
view, absolute evaluation is considered more practical than relative comparisons
between layouts. Besides, absolute evaluation has shown better learning results
when learning synthetic models of user evaluation [21].

Likert scales were firstly proposed in 1932 [13] as a way to produce attitude
measures which could be interpreted as measurements on a proper metric scale.
This technique is usually defined as a psychometric response scale, which is
mainly used in questionnaires for obtaining the preference of different users or
degree of agreement within a set of statements. In this paper, the most commonly
likert scale is used in order to evaluate a set of facility layouts which have been
synthetically created using an evolutionary algorithm. This rating technique can
be seen as a 5-point (or granularity) scale ranging from “Strongly Disagree” on
one and end to “Strongly Agree”. Thus, the classes involved in the problem are:
{Strongly disagree, Disagree, Neither agree or disagree, Agree, Strongly agree}
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where each class answers the question: Could this plant layout be considered as a
good solution for the Unequal Area Facility Layout Problem?. Often, likert scale
items are treated numerically in such a way that it is assumed that the distance
between all points on the scale are equal, however, this assumption might be
wrong as we are forgetting the underlying latent variable in the scale. Because
of that, optimal scaling is a relevant issue to both ordinal predictor and outcome
variables. Likert scales can also be addressed from an ordinal regression point
of view, where there is a certain order among class labels. Ordinal regression
(or classification) is a relatively new learning problem which is rapidly growing
and enjoying a lot of attention from pattern recognition and machine learning
communities [9,18]. In this case, the classification problem is quite different to the
standard one, as the variable to predict is not numerical or nominal, but ordinal,
so categories have a natural order (in the same way that the categories we aim
to predict in this paper). The major problem with this kind of classification is
that there is not a precise notion of the distance between categories and there
are some misclassification errors which should be more penalized.

This paper is organized as follows: a brief analysis of the system constructed is
given in Section 2. All the experimental design features and the way the system
learn the FLD preferences from the expert are presented in Section 3. Finally,
we present some of the results obtained in Section 4 and Section 5 summarizes
the conclusions and future work.

2 Structure of the Proposed System

From a global perspective, the proposed system requires the designer to describe
the problem and to evaluate several FLDs. At the end, the system must return a
moderate number of designs according to the preferences found in the evaluation
process and the optimization of the objectives factors. Thus, the main purpose
would be combine both subjective and objective information in order to come
to proper and fair decisions when evaluating these facility structures. To do so,
a three-stage system has been developed as shown in Fig. 1:

1. Firstly, the IGA evolves towards FLDs that are preferred by the user. On
each iteration, the user evaluates nine layouts which are stored for learning
step. Although more layouts are generated and evaluated through clustering
to better guide evolution, only user evaluated layouts are considered. Elicited
evaluations from clustering may have been good for GA evolution but we
have found that they may confuse the learning process.

2. After that, a machine learning classification algorithm will learn from the
expert evaluations (using the dataset). In this stage, several nominal and
ordinal algorithms are tested, in order to choose the one that achieved the
best results. Once the more appropriated algorithm is selected, the model
obtained is integrated in a multiobjective evolutionary algorithm, in such a
way that this model will evaluate the facility layouts using the likert scale
and this predicted target will be the first objective to maximize in the evo-
lutionary learning process.
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3. Finally, the second objective to maximize in the optimization will be an
objective factor (in this case, the material flow between facilities). At this
point, the multiobjective algorithm is able to search and evolve through
all possible solutions, and will end with a pareto front containing a set of
optimal plant layouts.

Fig. 1. Facility layout design system diagram



Learging User Preferences for MO Optimization of Facility Layouts 47

3 Learning Facility Layout Preferences from the Expert

Facility layouts from the IGA follow the Flexible Bay Structure (FBS) [19], where
the facilities are placed in a series of rows of variable width. The data available
to the learning algorithm is the number of bays and the geometrical coordinates
of the rectangle assigned to each facility. Every of these layouts is tagged with
an evaluation from a set of five ordered classes. Therefore, the user preferences
will be learned with a supervised classification task. It must be noted that each
problem case is different and usually will have different design preferences. For
this reason, in principle, the knowledge and models created for one case are not
applicable to others and a new model must be learned.

The facility layout problem case considered is composed of 20 facilities with
different required areas that are arranged in a 61.7 × 61.7 meters plant. The
IGA was run for 220 iterations using a population of 100 individuals with 0.5
probability of crossover and 0.05 probability of mutation. After removing some
duplicated facility layouts, the IGA left us with a final database composed of 1969
patterns distributed in 5 classes and 86 attributes which contains information
about the location and different characteristics of each facility distribution.

3.1 Selection of the Algorithm

Several state-of-the-art methods have been tested for this problem in order to
choose the one which performs better taking into account metrics which measures
different kind of errors: CCR, which is the standard classification metric (also
known as accuracy),MAE which measures ordinal classification and finally, MS
which measures the worst classified class so this measure will help us to detect
trivial classifications and will be really useful in unbalanced problems (as the
one treated in this paper).

The Mean Absolute Error (MAE) is defined as the average deviation in ab-
solute value of the predicted class from the true class. It is a commonly used for
ordinal regression:

MAE =
1

N

N∑
i=1

|yi − ŷi|,

where yi is the true rank for the i − th pattern, and ŷi corresponds to the
predicted rank for the same pattern. N is the number of test patterns.

The Minimum Sensitivity (MS) 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. In this way, MS reports the
accuracy for the worst classified class.

In order to fairly compare the results obtained from different algorithms, a
stratified 30-holdout and a nested 5-fold cross-validation have been performed.
The algorithm tested for solving the given problem are the following ones:
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– OCC (OrdinalClassClassifier): ensemble technique for ordinal regression [9]
which applies C4.5 as base algorithm.

– KDLOR (Kernel Discriminant Learning for Ordinal Regression): method
which combines discriminant analysis and kernel functions for ordinal
regression [18].

– POM (Proportional Odd Model): one of the first models specifically designed
for ordinal regression and arisen from a statistical background [15].

– EBC (Extended Binary Classification): ensemble method which performs
multi-class classification with just a binary model [12]. Support Vector
Machines are used as the base algorithm.

– SVC (Support Vector Classification): standard nominal classifier based on
support vector machines which performs one-vs-one classification [7].

– C4.5: standard nominal decision tree [16] based on information entropy.

Table 1. CCR, MS, MAE obtained from the different methods

Algorithm CCR MAE MS

OrdinalClassClassifier(C4.5) 88.69± 1.48 0.169 ± 0.025 37.50± 9.51
KDLOR 78.20 ± 2.19 0.231 ± 0.034 12.36 ± 1.87
POM 60.72 ± 1.24 0.468 ± 0.014 0.00± 0.00

EBC(SVM) 81.08 ± 2.76 0.249 ± 0.023 8.23± 2.50

SVC 80.15 ± 4.53 0.290 ± 0.047 13.81 ± 5.70
C4.5 89.87± 2.31 0.175± 0.037 42.19± 7.35

Taking into account these metrics, the best results in CCR and MS are
achieved with the C4.5 algorithm [16], although it is not an ordinal method. But
one can notice that best results in MAE are achieved using the OCC(C4.5).
Nevertheless, as the differences are not significantly large and the algorithm se-
lected will be integrated in a multiobjective algorithm, another important issue
is the simplicity and one should take into account that the OCC is a ensemble
model which makes use of probability functions for obtaining the final predicted
targets. Because of that, the authors have considered the use of different or-
dinal cost matrices for training the C4.5 algorithm to see if the results could
improve even more. This algorithm is also known as C4.5CS or cost-sensitive
C4.5. C4.5CS [22] is a post-processor decision tree is used in conjunction with
C4.5. This methodology implements cost-sensitive specialization by seeking to
specialize leaves for high misclassification cost classes in favor of leaves for low
misclassification cost classes. As said before, there are some misclassification er-
rors which should be more penalized in the problem: confusing the “Strongly
agree” with the “Strongly disagree” class should be considered by far a bigger
mistake than confusing the “Neither agree or disagree” with the “Agree” class.
Because of that, we have tested several approaches using cost matrices for solving
this ordinal problem. The costs matrices used are shown in Table 2:
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– Cost matrix #1: Usual cost matrix for the nominal classifiers, which assumes
that all the misclassification errors are equal.

– Cost matrix #2: This matrix is the well-known standard ordinal one. It is
widely used with nominal algorithms in order to weight the misclassification
errors.

– Cost matrix #3: Quadratic ordinal cost matrix.
– Cost matrix #4: Cost matrix particularly proposed for the problem here

addressed. Due to the fact that the best FLDs are a minority in the problem,
authors have considered that it is critical not to miss any of them. Thus,
errors when misclassifying an excellent plant layout are not the same as
when misclassifying a bad one (because an expert will check over the final
pareto front and will directly discard the non-proper ones).

Table 2. Different cost matrices considered for the problem

Cost matrix #1 Cost matrix #2 Cost matrix #3 Cost matrix #4

0 1 1 1 1 0 1 2 3 4 0 1 4 9 16 0 1 2 3 4
1 0 1 1 1 1 0 1 2 3 1 0 1 4 9 1 0 1 2 3
1 1 0 1 1 2 1 0 1 2 4 1 0 1 4 4 1 0 1 2
1 1 1 0 1 3 2 1 0 1 9 4 1 0 1 9 4 1 0 1
1 1 1 1 0 4 3 2 1 0 16 9 4 1 0 16 9 4 1 0

The results obtained using these cost matrices with the same procedure as
before (stratified 30-holdout) can be seen in Table 3 where one can notice that
an important improvement of the results is produced by using these ordinal cost
matrices. The cost matrix #4 is the one hybridized with the ordinal standard
and the quadratic one, and it obtains the optimal results. Besides it is the one in
concordance with the misclassifying errors to avoid in the problem, so it will be
used for computing the final model to guide the evolutionary searching process.

Table 3. CCR, MS, MAE obtained with C4.5 and the different cost matrices

Cost matrix CCR MAE MS

C4.5 (cost matrix #1) 88.69 ± 1.48 0.175 ± 0.037 42.19 ± 7.35
C4.5 (cost matrix #2) 89.82 ± 1.19 0.181 ± 0.014 51.56 ± 4.87
C4.5 (cost matrix #3) 90.17± 1.24 0.173± 0.026 53.12± 6.56
C4.5 (cost matrix #4) 90.35± 1.56 0.163 ± 0.021 54.69± 3.42

At this point, the procedure to train the final model have been established:
use the C4.5 algorithm with a hybrid and ordinal cost matrix and the entire
dataset (without any training and testing partitioning) to obtain a single final
model.
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4 Combining Subjective and Objective Criteria

Once a model of the evaluation according to design preferences is learned. It is
also desired that the facility layout optimize other objective features. Material
flow is considered a very important measure of a good FLD. It is calculated
as the product of the distance and the material movement estimated between
facilities. In order to find a good facility layout considering both objectives, a
multi-objective genetic algorithm (MOGA) is applied in the last stage of the
system.

NSGA2 [8] algorithm has been used because it applies well known important
theory on multi-objetive evolutionary algorithms [6] and achieves good results in
facility layout problems [2]. The proposed system includes NSGA2 implemented
using DEAP [17]. The encoding scheme uses a permutation of facilities and a
binary vector with the points where bays are split. Crossover operators are PMX
for facilities and two point crossover for split points, while mutation swaps the
position of two facilities or toggles a bit in the split points vector.

Apart from optimizing material flow and designer preferences, facilities of
a given area must also have an usable shape that allows allocation of ma-
chines or other resources. This is usually controlled with aspect ratio constraints.
Rather than discarding infeasible solutions according to aspect ratio constraints,
a penalty function is used. In this way, some infeasible solutions are preserved
to allow convergence to solutions that lie in the boundary between feasible and
infeasible solutions [6]. We considered including this penalty as an additional ob-
jective. However, we have achieved better results using the adaptive penalization
over material flow by Tate et. al. [19].

Finally, the system returns the pareto front with at most five solutions (one
for each user evaluation class considered). The designer can now choose the
facility layout with the optimum equilibrium between material flow and the
other subjective preferences.

4.1 Case Results

The described MOGA has been run 500 generations with a population of 200
individuals, using probabilities of 0.8 for crossover and 0.2 for mutation. Fig-
ure 2 shows the final results obtained by the system for this problem. There
are no solutions with user evaluation values of 1 or 4 because all of them have
been dominated by the ones shown. While material flow is pretty similar for all
three layouts, the satisfaction of the user is much better in the third one. In
this way, the proposed system improves the results of automatic facility layout
because user preferences are included in the search without losing the fitting of
the objective material flow measure.

In order to compare these results with those achieved by other algorithms
not considering user preferences, a well known algorithm proposed by Aiello [1]
has been run on the same problem with the same parameters. The best FLD
found by this algorithm has a material flow of 189463u∗m and it is necessary to
increase the number of generations to reach FLDs with a similar material flow to
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a) Material flow of
164766u ∗ m and 2 as
user evaluation

b) Material flow of
164782u ∗ m and 3 as
user evaluation

c) Material flow of
164799u ∗ m and 5 as
user evaluation

Fig. 2. Final pareto front with the FLDs found by the system

those obtained with the MOGA proposed. Intuitively, this may mean that user
evaluation is helping to direct the search. This opens another research question
requiring further experimentation with more data on diverse FLD problems.

5 Conclusions and Future Work

This paper proposes the construction of a system which combines user pref-
erences and other objective factors. The proposed system allows considering
subjective designer preferences without reducing search extension. In many prob-
lems, like the one used in experimentation, considering these user preferences
does not necessarily mean getting worse layout in terms of the other objective
measures. So, using the system proposed can have interesting results in terms of
improving the quality of FLDs.

The use of ordinal regression in this case allowed us the integration of order
information among labels in the model, and giving more importance to some
kind of misclassification errors. Concerning future work, the system could be
constructed by jointly taking into account the preferences of several users.
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Abstract. Linear Ordering Problem (LOP) is a well know NP-hard
combinatorial optimization problem attractive for its complexity, rich
library of test data, and variety of real world applications. This study
investigates the bio-inspired Artificial Immune Systems (AIS) as a pure
metaheuristic soft computing solver of the LOP. The well known LOP
library LOLIB was used to compare the results obtained by AIS and
other pure soft computing metaheuristics.

Keywords: linear ordering problem, artificial immune systems, pure
metaheuristics, soft computing.

1 Introduction

The linear ordering problem is a well-known NP-hard combinatorial optimization
problem. It has been intensively studied and there are plenty of exact, heuristic
and metaheuristic algorithms for LOP. With its large collection of well described
testing data sets, the LOP represents an interesting testbed for metaheuristic
and soft computing algorithms for combinatorial optimization [15,16].

The LOP can be formulated as a graph problem and as a matrix triangulation
problem [15]. It can be seen as a search for simultaneous permutation of rows
and columns of a matrix C such that the sum of the elements in the upper
diagonal of the modified matrix is as large as possible. In this work we use the
matrix formulation of the LOP.

2 LOP as a Matrix Triangulation Problem

Linear Ordering Problem (LOP) can be defined as a search for optimal column
and row reordering of a weight matrix C [20,21,3,15]. Consider a matrix Cn×n,
permutation Π and a cost function f :

f(Π) =
n∑

i=1

n∑
j=i+1

cΠ(i)Π(j) (1)

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 53–62.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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The LOP is defined as a search for permutation Π so that f(Π) is maximized,
i.e. the permutation restructures the matrix C so that the sum of its elements
above main diagonal is maximized. The LOP is a NP-hard problem with a
number of applications in scheduling (scheduling with constraints), graph theory,
economy, sociology (paired comparison ranking), tournaments and archaeology
among others.

In economics, LOP algorithms are deployed to triangularize input-output ma-
trices. The resulting permutation provides an useful information about the sta-
bility of the investigated economy. In archaeology, LOP algorithms are used to
process the Harris Matrix, a matrix describing most probable chronological or-
dering of samples found in different archaeological sites [21]. Other applications
of the LOP include the equivalent graph problem, the related graph problem,
the aggregation of individual preferences, ranking in sport tournaments and e.g.
the minimization of crossing [15].

2.1 LOP Data Sets

There are several test libraries used for benchmarking LOP algorithms. They
are well preprocessed, thoroughly described and the optimal (or so far best)
solutions are available. Majority of investigated algorithms were tested against
the LOLIB library. The original LOLIB library contains 49 instances of input-
output matrices describing European economies in the 70s. Optimal solutions of
LOLIB matrices are available. Although LOLIB features real world data, it is
considered rather simple and easy to solve [19].

Mitchell and Bochers [17] published an artificial LOP data library and LOP
instance generator to evaluate their algorithm for Linear Ordering Problem. The
data (from now on addressed as MBLB) and code are available at Rensselaer
Polytechnic Institute1.

Schiavinotto and Stützle [20,21] showed that the LOLIB and MBLB instances
are significantly different, having diverse high-level characteristics of the matrix
entries such as sparsity or skewness. The search space analysis revealed that
MBLB instances typically have higher correlation length and also a generally
larger fitness-distance correlation than LOLIB instances. It suggests that MBLB
instances should be easier to solve than LOLIB instances of the same dimension.
Moreover, a new set of large artificial LOP instances (based on LOLIB) called
XLOLIB was created and published. Another set of LOP instances is known as
the Stanford Graph Base (SGB). The SGB is composed of larger input-output
matrices describing US economies. In this study we use the widely used LOLIB
library for initial evaluation of an AIS-based LOP solver.

2.2 LOP Algorithms

There are several exact and heuristic algorithms for the linear ordering problem.
The exact algorithms are strongly limited by the fact that LOP is a NP-hard
1 http://www.rpi.edu/ mitchj/generators/linord/
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problem (i.e. there are no exact algorithms that could solve LOP in polynomial
time). Among the exact algorithms, branch & bound approach based on LP-
relaxation of the LOP for the lower bound, a branch & cut algorithm and interior
point/cutting plane algorithm attracted attention [21]. Exact algorithms are able
to solve rather small general instances of the LOP and bigger instances (with
the dimension of few hundred rows and columns) of certain classes of LOP [21].

A number of heuristics and soft computing algorithms was used for solv-
ing LOP instances: greedy algorithms, local search algorithms, elite tabu search,
scattered search and iterated local search [21,9,15].The metaheuristic algorithms
used to solve LOP in the past include genetic algorithms [12,13], differential
evolution [23], and ant colony based algorithms [4]. The investigation of meta-
heuristics and soft computing algorithms is motivated by previous success of
such methods in real world and industrial applications [1,5,29,22]

3 Artificial Immune Systems

Artificial immune systems (AIS) constitute a family of bio-inspired algorithms
based on the models known from the studies of biological immune systems and
immunology [7,26,25,8]. Informally, biological immune systems protect the body
from dangerous substances presented in the form of pathogens. They combine
the ability to protect from both, general pathogens and specific attackers (e.g.
different types of viruses, bacteria and so on) that cannot be be eliminated by
the static (innate) part of the immune system.

The AIS algorithms implement a variety of principles observed in the adaptive
part of biological immune systems of the vertebrae [26,25] including the negative
selection, clonal selection, and immune networks. The clonal selection is based on
the clonal selection theory describing the basic response of the immune system to
an antigen (a pathogen recognized by the immune system). In such a situation,
the immune system cells (lymphocytes, B-cells and T-cells) act as immune agents
that participate in the recognition and elimination of the alien substances [26,8].
The B-cells are being cloned and hypermutated in order to create an optimal
response to intruding cells. The B-cells turn into plasma cells that eliminate
the antigen and memory cells that store the information about the antigen for
better (i.e. more rapid) response to this type of attack in the future. Negative
selection is in the biological immune systems used to ensure that newly created
lymphocytes will be able to adapt to new types of threats and remain tolerant to
body’s own cells at the same time. An immune network is a reinforced network
of B-cells that uses the ability of some parts of the cell (paratopes) to match
against another parts of the cell (idiotopes). Such an immune network contributes
to the stable memory structure of the immune system that is able to retain the
information about the antigens even without their presence. However, it should
be noted that the immune network theory is no longer widely accepted by the
immunologists [26].

The AIS algorithm used in this study (a modified B-cell algorithm [25]) based
on clonal selection is shown in algorithm 1.
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Algorithm 1. An outline of AIS used in this study.
Initialize an population of artificial lymphocytes (ALCs) P ;1

Compute affinity (fitness) for all ai ∈ P ;2

while Termination criteria not satisfied do3

Select ai ∈ P proportionally according to its affinity;4

Create from ai clone population C;5

for a′
i ∈ C do6

Apply the hypermutation operator;7

Evaluate a′
i. If a′

i is better solution than ai, replace ai by8

a′
i in P ;

end9

end10

The AIS algorithms based on clonal selection are quite similar to the GAs.
They evolve a population of candidate solutions by cloning, (hyper)mutation,
and selection. Another type of AISs are e.g. the swarm-like AIS [26]. They have
been used for anomaly detection, intrusion detection, function and combinatorial
optimization, clustering, classification, and others [26]. An application of AIS for
task scheduling was shown in [28].

In this study, we compare an AIS-based approach to LOP with two other
pure metaheuristics, genetic algorithms (GA) [2] and differential evolution (DE)
[18], because they have been used to solve LOP recently [10,12,13,23]. All three
metaheuristics represent different populational approaches to global optimiza-
tion based on various bio-inspired paradigms and essentially performing different
kind of search in the solution space of the problem. The operations of each meta-
heuristic yield different efficiency for different problems and their experimental
evaluation is needed [27].

4 Computational Evaluation

In order to solve LOP instances, the GA, DE, and AIS were implemented from
scratch in C++. A steady state GA with elitism [2], a DE/rand/1 [18] variant
of the DE, and the basic AIS as outlined in algorithm 1 were used to search
for LOLIB solutions. The algorithms evolved a population of 64 candidate so-
lutions encoded using the random keys encoding [24,11]. Other GA parameters
were mutation probability pM = 0.04 and crossover probability pC = 0.8. The
DE was executed with F = 0.9 and C = 0.9 and the AIS was executed with
hypermutation with pHM = 0.04 and clone population size 3. The parameters
were selected after initial experiments.

Because of the different number of fitness function evaluations in single it-
eration of the algorithms, the execution time was set as the stopping criterion.
Due to the stochastic nature of the metaheuristics, the evolution of each LOLIB
instance by every algorithm was repeated 10 times. The results of the evolution
of LOLIB solutions after 5, 10, and 20 seconds are shown in table 1, table 2,
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Table 1. Solution error (in %) after 5 seconds

LOLIB
Instance Optimum GA DE AIS

lowest average lowest average lowest average

be75eec 264940 2.125E-03 5.031E-03 1.767E-02 2.707E-02 1.574E-03 3.189E-03
be75np 790966 7.459E-05 8.559E-04 1.169E-02 3.463E-02 5.752E-04 1.087E-03
be75oi 118159 1.642E-03 2.852E-03 1.311E-02 1.676E-02 2.082E-03 4.147E-03
be75tot 1127387 6.706E-04 1.390E-03 2.253E-02 4.436E-02 1.726E-03 3.164E-03
stabu1 422088 2.732E-03 3.966E-03 3.595E-02 4.713E-02 3.412E-03 6.233E-03
stabu2 627929 2.986E-03 5.313E-03 4.519E-02 5.183E-02 5.142E-03 6.877E-03
stabu3 642050 3.539E-03 5.591E-03 4.412E-02 5.385E-02 5.554E-03 8.464E-03
t59b11xx 245750 2.014E-03 9.656E-03 7.976E-03 1.262E-02 1.750E-03 2.621E-03
t59d11xx 163219 0 3.357E-03 9.349E-03 1.617E-02 3.860E-04 6.341E-03
t59f11xx 140678 8.530E-05 1.237E-03 8.018E-03 1.651E-02 8.530E-05 4.265E-04
t59i11xx 9182291 0 1.606E-03 9.096E-03 1.533E-02 1.761E-04 1.279E-03
t59n11xx 25225 6.739E-04 3.100E-03 1.296E-02 1.864E-02 2.498E-03 7.707E-03
t65b11xx 411733 1.780E-03 3.080E-03 1.817E-02 2.788E-02 1.312E-03 5.312E-03
t65d11xx 283971 0 1.433E-03 5.596E-03 2.081E-02 1.944E-03 2.775E-03
t65f11xx 254568 1.721E-03 2.675E-03 1.199E-02 2.008E-02 1.430E-03 2.435E-03
t65i11xx 16389651 0 7.841E-04 5.230E-03 1.170E-02 5.355E-04 1.260E-03
t65l11xx 18359 0 0 3.323E-03 4.586E-03 0 1.089E-04
t65n11xx 38814 6.699E-04 2.365E-03 5.848E-03 1.407E-02 2.783E-03 3.901E-03
t65w11xx 1.66E+08 9.080E-04 1.896E-03 8.241E-03 1.179E-02 1.495E-03 3.128E-03
t69r11xx 865650 2.357E-04 3.977E-03 1.589E-02 2.043E-02 3.884E-03 7.776E-03
t70b11xx 623411 4.203E-04 1.195E-03 8.648E-03 1.395E-02 1.006E-03 1.781E-03
t70d11xn 438235 2.966E-04 6.275E-04 1.281E-02 2.167E-02 2.579E-04 2.284E-03
t70d11xx 450774 0 1.067E-03 8.088E-03 1.786E-02 6.300E-04 2.405E-03
t70f11xx 413948 0 2.788E-03 1.243E-02 2.569E-02 3.080E-03 4.764E-03
t70i11xx 28267738 1.555E-04 8.327E-04 5.864E-03 1.107E-02 2.353E-04 1.275E-03
t70k11xx 69796200 8.883E-05 1.142E-03 8.946E-03 1.439E-02 5.101E-04 4.433E-03
t70l11xx 28108 0 1.857E-03 3.131E-03 8.055E-03 3.558E-05 7.613E-04
t70n11xx 63944 4.520E-03 4.835E-03 1.592E-02 2.479E-02 1.048E-03 3.365E-03
t70u11xx 27296800 2.198E-04 1.808E-03 2.069E-02 2.914E-02 2.198E-04 1.267E-03
t70w11xx 2.68E+08 7.360E-06 1.057E-03 8.541E-03 1.633E-02 3.883E-04 1.367E-03
t70x11xx 3.43E+08 5.607E-06 6.354E-04 9.151E-03 1.577E-02 1.714E-04 1.861E-03
t74d11xx 673346 8.762E-05 1.031E-03 1.041E-02 1.838E-02 1.485E-05 1.311E-03
t75d11xx 688601 1.888E-05 2.507E-03 1.474E-02 1.901E-02 5.097E-04 5.691E-03
t75e11xx 3095130 2.226E-04 9.596E-04 9.899E-03 1.788E-02 6.979E-05 7.560E-04
t75i11xx 72664466 3.694E-04 1.118E-03 1.654E-02 2.400E-02 2.226E-04 1.805E-03
t75k11xx 124887 2.963E-04 1.081E-03 7.239E-03 1.186E-02 0 5.525E-04
t75n11xx 113808 0 4.235E-03 1.652E-02 2.517E-02 4.657E-04 2.074E-03
t75u11xx 63278034 0 1.546E-03 8.045E-03 1.686E-02 7.893E-04 3.180E-03
tiw56n54 112767 1.782E-03 3.769E-03 3.260E-02 4.340E-02 2.075E-03 5.693E-03
tiw56n58 154440 1.930E-03 2.739E-03 2.740E-02 3.700E-02 1.774E-03 3.419E-03
tiw56n62 217499 9.379E-04 2.400E-03 2.659E-02 5.002E-02 2.929E-03 3.848E-03
tiw56n66 277593 8.033E-04 1.780E-03 4.276E-02 4.893E-02 1.733E-03 4.568E-03
tiw56n67 277962 1.155E-03 2.493E-03 2.886E-02 3.925E-02 6.443E-03 7.997E-03
tiw56n72 462991 9.611E-04 3.067E-03 4.007E-02 5.039E-02 2.024E-03 9.352E-03
tiw56r54 127390 8.635E-04 3.148E-03 4.895E-02 5.647E-02 1.578E-03 5.330E-03
tiw56r58 160776 2.053E-03 3.234E-03 3.406E-02 4.474E-02 1.300E-03 3.732E-03
tiw56r66 256326 2.142E-03 4.799E-03 4.037E-02 4.858E-02 2.294E-03 6.129E-03
tiw56r67 270497 1.231E-03 3.172E-03 3.048E-02 4.803E-02 1.763E-03 4.969E-03
tiw56r72 341623 3.220E-05 3.194E-03 3.176E-02 4.833E-02 1.750E-03 3.896E-03
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Table 2. Solution error (in %) after 10 seconds

LOLIB
Instance Optimum GA DE AIS

lowest average lowest average lowest average

be75eec 264940 9.059E-04 2.291E-03 1.200E-02 1.473E-02 2.491E-04 4.069E-03
be75np 790966 3.793E-06 7.978E-04 5.888E-03 1.522E-02 1.656E-04 8.572E-04
be75oi 118159 7.871E-04 1.540E-03 8.649E-03 1.050E-02 0 1.092E-03
be75tot 1127387 1.597E-04 1.878E-03 8.801E-03 2.002E-02 5.322E-04 2.171E-03
stabu1 422088 3.317E-04 2.369E-03 2.001E-02 2.717E-02 1.694E-03 5.499E-03
stabu2 627929 1.674E-03 3.566E-03 2.094E-02 2.844E-02 1.365E-03 3.757E-03
stabu3 642050 1.355E-04 3.137E-03 1.712E-02 2.712E-02 2.394E-03 5.412E-03
t59b11xx 245750 8.545E-04 2.901E-03 6.022E-03 9.908E-03 1.974E-03 2.629E-03
t59d11xx 163219 0 3.523E-03 3.217E-03 8.118E-03 1.715E-03 2.506E-03
t59f11xx 140678 0 2.986E-04 4.947E-03 1.122E-02 7.108E-05 8.672E-04
t59i11xx 9182291 5.097E-05 1.101E-03 5.706E-03 9.520E-03 0 9.650E-04
t59n11xx 25225 0 3.631E-03 7.968E-03 1.162E-02 8.325E-04 4.963E-03
t65b11xx 411733 5.878E-04 2.757E-03 7.284E-03 1.930E-02 5.198E-04 2.448E-03
t65d11xx 283971 0 9.473E-04 3.972E-03 8.673E-03 3.028E-04 5.729E-03
t65f11xx 254568 1.371E-03 2.003E-03 7.633E-03 1.242E-02 4.282E-04 1.603E-03
t65i11xx 16389651 1.355E-05 7.292E-04 3.759E-03 4.609E-03 1.806E-05 3.942E-04
t65l11xx 18359 0 0 2.342E-03 4.390E-03 0 4.358E-05
t65n11xx 38814 2.576E-05 2.118E-03 4.792E-03 6.472E-03 1.288E-04 1.999E-03
t65w11xx 1.66E+08 0 9.261E-04 4.703E-03 1.044E-02 1.025E-03 1.221E-03
t69r11xx 865650 8.768E-04 5.249E-03 6.491E-03 1.310E-02 6.977E-04 3.049E-03
t70b11xx 623411 4.010E-04 1.407E-03 2.530E-03 3.930E-03 8.181E-05 1.269E-03
t70d11xn 438235 2.510E-04 5.477E-04 5.474E-03 1.379E-02 8.215E-05 1.919E-03
t70d11xx 450774 0 4.304E-04 4.242E-03 1.368E-02 5.812E-04 1.138E-03
t70f11xx 413948 7.199E-04 2.669E-03 1.177E-02 1.550E-02 6.523E-05 2.063E-03
t70i11xx 28267738 4.889E-05 7.251E-04 3.526E-03 7.572E-03 7.807E-04 1.073E-03
t70k11xx 69796200 0 2.333E-04 4.059E-03 1.156E-02 8.883E-05 2.171E-03
t70l11xx 28108 0 8.467E-04 1.423E-03 6.539E-03 0 2.562E-04
t70n11xx 63944 0 2.133E-03 6.162E-03 9.249E-03 1.564E-05 1.436E-03
t70u11xx 27296800 2.198E-04 1.264E-03 2.480E-03 1.099E-02 0 6.382E-04
t70w11xx 2.68E+08 0 7.400E-04 5.073E-03 8.847E-03 7.360E-06 5.803E-04
t70x11xx 3.43E+08 0 4.224E-04 5.998E-03 9.763E-03 0 6.412E-04
t74d11xx 673346 8.911E-06 6.609E-04 7.855E-03 1.239E-02 5.792E-05 3.906E-04
t75d11xx 688601 1.452E-06 2.236E-03 8.381E-03 1.495E-02 9.004E-05 2.155E-03
t75e11xx 3095130 2.226E-04 7.560E-04 2.629E-03 1.165E-02 3.321E-04 8.885E-04
t75i11xx 72664466 0 1.242E-03 4.259E-03 7.705E-03 0 7.564E-04
t75k11xx 124887 0 4.404E-04 5.365E-03 1.155E-02 0 4.564E-04
t75n11xx 113808 0 1.019E-03 5.571E-03 1.447E-02 1.845E-04 2.856E-03
t75u11xx 63278034 1.473E-03 3.071E-03 5.497E-03 1.694E-02 6.766E-04 9.090E-04
tiw56n54 112767 4.700E-04 1.268E-03 1.330E-02 2.127E-02 1.880E-03 2.953E-03
tiw56n58 154440 2.202E-04 9.389E-04 1.901E-02 2.692E-02 1.386E-03 2.202E-03
tiw56n62 217499 7.264E-04 1.802E-03 2.314E-02 2.884E-02 6.943E-04 2.212E-03
tiw56n66 277593 1.264E-03 2.215E-03 1.924E-02 2.797E-02 1.617E-03 2.958E-03
tiw56n67 277962 5.396E-05 2.932E-03 1.900E-02 2.197E-02 1.004E-03 4.501E-03
tiw56n72 462991 2.549E-04 7.821E-03 1.349E-02 2.563E-02 6.480E-05 5.477E-03
tiw56r54 127390 1.311E-03 2.096E-03 1.353E-02 2.337E-02 8.949E-04 3.438E-03
tiw56r58 160776 9.143E-04 2.606E-03 2.252E-02 2.777E-02 1.455E-03 2.824E-03
tiw56r66 256326 7.061E-04 2.220E-03 1.686E-02 3.006E-02 2.497E-03 3.191E-03
tiw56r67 270497 4.067E-05 6.248E-04 2.150E-02 2.849E-02 1.179E-03 1.930E-03
tiw56r72 341623 4.976E-05 1.493E-03 1.432E-02 2.286E-02 1.051E-03 2.409E-03
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Table 3. Solution error (in %) after 20 seconds

LOLIB
Instance Optimum GA DE AIS

lowest average lowest average lowest average

be75eec 264940 6.983E-04 3.771E-03 8.583E-03 1.595E-02 1.242E-03 3.457E-03
be75np 790966 3.793E-06 8.635E-04 6.349E-03 1.235E-02 2.529E-06 3.108E-03
be75oi 118159 5.924E-05 1.921E-03 1.100E-03 8.759E-03 8.463E-06 1.413E-03
be75tot 1127387 1.091E-04 3.545E-03 1.072E-02 2.592E-02 1.002E-04 6.537E-04
stabu1 422088 1.796E-03 2.860E-03 8.534E-03 1.601E-02 1.407E-03 3.791E-03
stabu2 627929 2.511E-03 2.983E-03 1.868E-02 2.473E-02 1.745E-03 2.629E-03
stabu3 642050 1.455E-03 2.314E-03 1.499E-02 1.888E-02 1.716E-03 3.430E-03
t59b11xx 245750 8.342E-04 3.638E-03 5.717E-03 9.607E-03 8.342E-04 2.580E-03
t59d11xx 163219 4.172E-03 5.453E-03 4.822E-03 1.280E-02 0 2.922E-03
t59f11xx 140678 0 2.772E-04 3.981E-03 1.296E-02 0 5.473E-04
t59i11xx 9182291 0 0 7.634E-03 1.283E-02 0 1.430E-03
t59n11xx 25225 1.427E-03 2.387E-03 9.514E-03 1.782E-02 0 1.197E-03
t65b11xx 411733 9.934E-04 2.370E-03 1.989E-02 2.519E-02 5.950E-04 2.387E-03
t65d11xx 283971 2.081E-03 2.282E-03 7.395E-03 1.133E-02 2.888E-04 1.535E-03
t65f11xx 254568 1.371E-03 1.520E-03 6.918E-03 9.369E-03 2.357E-04 1.654E-03
t65i11xx 16389651 1.355E-05 3.875E-04 3.762E-03 9.485E-03 2.793E-04 9.122E-04
t65l11xx 18359 0 5.447E-05 2.615E-03 3.486E-03 0 2.832E-04
t65n11xx 38814 0 1.546E-03 2.267E-03 9.991E-03 2.576E-05 1.536E-03
t65w11xx 1.66E+08 1.052E-04 1.516E-03 5.593E-03 8.604E-03 0 6.070E-04
t69r11xx 865650 3.400E-03 4.282E-03 7.858E-03 1.348E-02 0 3.944E-03
t70b11xx 623411 4.010E-04 5.133E-04 3.588E-03 1.565E-02 0 4.395E-04
t70d11xn 438235 1.278E-04 3.742E-04 3.411E-03 1.223E-02 7.758E-05 3.948E-04
t70d11xx 450774 0 6.899E-04 7.738E-03 1.102E-02 0 3.838E-04
t70f11xx 413948 0 1.971E-03 8.107E-03 1.850E-02 2.307E-03 3.392E-03
t70i11xx 28267738 0 5.886E-04 5.307E-03 9.932E-03 1.507E-04 8.008E-04
t70k11xx 69796200 0 2.151E-03 6.956E-03 1.137E-02 0 5.427E-04
t70l11xx 28108 0 7.115E-04 2.668E-03 6.568E-03 0 2.419E-04
t70n11xx 63944 1.220E-03 3.156E-03 6.271E-03 1.007E-02 4.692E-05 2.361E-03
t70u11xx 27296800 0 6.704E-04 3.521E-03 1.391E-02 2.125E-04 8.668E-04
t70w11xx 2.68E+08 0 8.968E-04 5.211E-03 9.601E-03 0 7.325E-04
t70x11xx 3.43E+08 0 3.239E-04 3.778E-03 9.774E-03 2.699E-05 1.258E-03
t74d11xx 673346 2.970E-06 1.598E-03 9.864E-03 2.205E-02 0 3.609E-04
t75d11xx 688601 0 1.689E-03 9.012E-03 1.831E-02 1.699E-04 1.891E-03
t75e11xx 3095130 0 9.919E-04 2.045E-03 6.528E-03 2.455E-05 1.166E-03
t75i11xx 72664466 2.359E-04 1.263E-03 3.552E-03 7.728E-03 0 6.918E-04
t75k11xx 124887 0 6.886E-04 1.593E-03 6.198E-03 0 4.804E-04
t75n11xx 113808 0 1.678E-03 1.061E-02 1.630E-02 0 1.177E-03
t75u11xx 63278034 6.766E-04 1.840E-03 3.620E-03 2.546E-02 6.766E-04 1.891E-03
tiw56n54 112767 2.926E-04 9.577E-04 1.229E-02 1.846E-02 9.932E-04 2.368E-03
tiw56n58 154440 7.770E-04 2.350E-03 8.392E-03 1.353E-02 3.238E-04 8.482E-04
tiw56n62 217499 8.736E-05 1.113E-03 1.813E-02 2.306E-02 2.023E-04 1.301E-03
tiw56n66 277593 5.043E-05 1.617E-03 8.667E-03 1.833E-02 1.866E-03 4.204E-03
tiw56n67 277962 3.598E-05 1.601E-03 1.306E-02 2.110E-02 1.979E-04 3.069E-03
tiw56n72 462991 1.060E-03 5.043E-03 1.722E-02 2.389E-02 1.123E-03 4.698E-03
tiw56r54 127390 1.256E-04 1.656E-03 9.962E-03 2.275E-02 1.437E-03 2.159E-03
tiw56r58 160776 4.603E-04 1.468E-03 1.083E-02 1.617E-02 4.292E-04 2.364E-03
tiw56r66 256326 2.731E-05 8.076E-04 1.730E-02 2.636E-02 9.246E-04 3.043E-03
tiw56r67 270497 1.142E-03 4.577E-03 1.097E-02 2.070E-02 1.885E-04 2.115E-03
tiw56r72 341623 3.688E-04 5.708E-04 6.888E-03 1.667E-02 2.547E-04 1.885E-03
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and table 3 respectively. The tables show for each algorithm the lowest error
obtained by the best solution found in the 10 independent runs and the average
error of all solutions found in the 10 independent runs. The best average error
and the best lowest error is typed in bold for each LOP instance.

It can be seen that the GA and AIS have found better solutions than DE in
all cases. The best solution was found after 5s by AIS for 16 LOLIB instances
and by GA for 36 instances (the same solutions were found by both algorithms
in 3 cases). The average error of the solutions evolved by AIS was better for 12
instances while the average error of solutions evolved by GA was better for 37
LOLIB instances.

AIS evolved after 10 seconds better best solutions for 20 LOLIB matrices
and GA for 34 matrices (both algorithms have found the same best solution in 5
cases). The average error of the solutions found by AIS was better for 20 matrices
and the average error of solutions evolved by GA was better for 29 matrices.

The 20-seconds long evolution of LOP solutions resulted in better best solu-
tions found by AIS for 32 LOLIB matrices and by GA for 28 LOLIB instances.
The average solution found by AIS was better for 24 matrices and the average
solution found by GA was better for 25 instances.

5 Conclusions

The experiments have shown that both GA and AIS were able to evolve better
LOLIB solutions than DE in the same time. Both GA and AIS used the same
random keys based encoding and the same mutation (hypermutation) imple-
mentation consisting of randon changes in the real encoded chromosome. The
crossover used in the GA was a simple 1-point crossover.

A comparison of GA and AIS has revealed that GA delivered better solutions
than AIS when using shorter execution time but AIS has improved when the
execution time was longer. It suggests that the GA has quickly found promising
solutions while the AIS needed more time to converge to solutions of such quality.
The fast convergence of the GA could be attributed to the implemented variant
of GA (steady-state GA with elitism) that yields higher selection pressure on the
account of diversity [14,6]. The AIS seems to be robust and prone to premature
convergence as it becomes more successful with longer execution times. The
results presented in this work show that AIS is a promising metaheuristic for
linear ordering problem that delivers good results for the LOLIB library.

In the future, we will use AIS to find solutions of other known LOLIB in-
stances from e.g. XLOLIB, SGB, or other suitable problem libraries. Moreover,
the parameters of AIS for LOP will be fine-tuned and different encoding schemes
will be used.
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Abstract. In this paper we present a novel algorithm called GPAT (Genetic Pro-
gramming of Augmenting Topologies) which evolves Genetic Programming (GP)
trees in a similar way as a well-established neuro-evolutionary algorithm NEAT
(NeuroEvolution of Augmenting Topologies) does. The evolution starts from a
minimal form and gradually adds structure as needed. A niching evolutionary
algorithm is used to protect individuals of a variable complexity in a single popu-
lation. Although GPAT is a general approach we employ it mainly to evolve artifi-
cial neural networks by means of Hypercube-based indirect encoding which is an
approach allowing for evolution of large-scale neural networks having theoreti-
cally unlimited size. We perform also experiments for directly encoded problems.
The results show that GPAT outperforms both GP and NEAT taking the best of
both.

1 Introduction

Recently, there has been a growing interest in the techniques which evolve large-
scale artificial neural networks (ANNs). Classical training algorithms (such as back-
propagation, second order optimization and evolutionary computation) suffer from poor
convergence caused by the large dimension of the optimized synaptic weights (or other
parameters). This problem was already successfully addressed by neuro-evolutionary
approaches [1,2,3] which employ indirect encoding of ANNs. The idea of the indirect
encoding is inspired by the Nature, where relatively short genomes encode highly com-
plex structures. This immense compression of information is, among others, facilitated
by regularities found at all scales of magnification.

This paper deals with a related state-of-the-art approach called HyperNEAT [4]
which employes the so-called Hypercube-based indirect encoding and a well-
established neuro-evolutionary algorithm NEAT. HyperNEAT works in a following
way: at first, one have to decide for the structure of a final network (number and
types of neurons and possible connections), also each neuron is assigned coordinates.
Such template is called the substrate. Second, NEAT algorithm is used to evolve the
CPPNs (Compositional and Pattern Producing Networks). The CPPN in HyperNEAT
has a form of a common neural network, with an exception of using nodes with special
transfer functions which are either symmetric, periodic or of a different type to reflect

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 63–72.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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the above mentioned regularities found in living creatures. Third, the final network is
constructed according to the substrate. The CPPN is then used to determine synaptic
weights of all possible connections found in the substrate (coordinates of all pairs of
neurons are fed to inputs). Fourth, the final network is evaluated on a problem domain
to get the fitness value and provide a feedback to NEAT. HyperNEAT was successfully
used to evolve networks having almost 8 millions of connections [4].

In [5] Buk et al. presented a modification of HyperNEAT, where NEAT was replaced
by Genetic Programming (GP), as the base algorithm evolving CPPNs. It was shown
to be superior in a speed of convergence to NEAT on a simulated robotic task. Here,
we combine advantages of both GP and NEAT and propose a novel algorithm called
Genetic Programming of Augmenting Topologies (GPAT). We compare all three base
algorithms on problems having both directly and indirectly encoded genomes. GPAT in
combination with Hypercube-based encoding will be denoted as HyperGPAT.

The paper1 is organized as follows. Section 2 describes the theoretical background.
Section 3 introduces GPAT algorithm. Section 4 describes the test problems and the
experimental setup. Section 5 discusses the results. Final section concludes the paper.

2 Background

In this section, we briefly describe NEAT and GP base algorithms.

NEAT. NeuroEvolution of Augmenting Topologies (NEAT) [6] is an algorithm orig-
inally developed for evolution of both parameters (weights) and topology of artificial
neural networks. It was later enhanced to produce the CPPNs with heterogenous nodes
for the HyperNEAT algorithm instead of producing the neural networks directly. It
works with genomes of variable size. NEAT introduced a concept of innovation num-
bers, which are gene labels allowing effective genome alignment in order to facilitate
crossover-like operations. Moreover, innovation numbers are used for computation of a
genotypical distance between two individuals. The distance measure is needed by nich-
ing evolutionary algorithm, which is a core of NEAT. Because NEAT evolves networks
of different complexity (sizes) niching was found to be necessary for protection of new
topology innovations. An important NEAT property is the complexification – it starts
with simple networks and gradually adds new neurons and connections.

The niching algorithm used in NEAT is Explicit Fitness Sharing [7] (EFS) as it uses
a genotypical distance measure. Fitness sharing reduces the fitness of an individual
given the number of similar individuals (similar individuals form a niche) in the popu-
lation. The version used in NEAT divides the population into mutually exclusive niche
(species). When a new individual is to be assigned to a species it goes through a list of
the already existing species and is always compared with the individual designated as
the species’ representative. The comparison is done via evaluation of a distance mea-
sure. If the two individuals are similar enough (their distance is below a predefined
speciation threshold δ ) the new individual is assigned to the species, otherwise, it tries
the next one in the list. If no species is compatible enough, a new one is created and the
individual becomes its representative.

1 Note, the the source codes and detailed experimental settings can be found at:
http://neuron.felk.cvut.cz/˜drchaj1/.

http://neuron.felk.cvut.cz/~drchaj1/
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GP. Genetic Programming [8] is a well-known evolutionary approach which evolves
syntactic trees (or forests of trees). In this paper, we use a slightly simplified version
of GP as a base algorithm, omitting a commonly used crossover operator as it was not
found beneficial by Buk [5] for Hypercube-based domain. More specifically, to create
a new generation, we employ a tournament selection (tournament of size 2) to select N
(the population size) parents. Each selected parent then produces a single offspring. Al-
gorithm continues by sorting all 2N individuals by their fitness and successively reduces
their number back to N, keeping only the fittest.

The initial population is created using the grow method [8]. The depth of trees is
limited to avoid bloating. We use two types of mutations: a structural mutation selects
a random node in a tree and replaces it by a random subtree again using the grow method
or replaces the node by a random node of the same arity. A parametric mutation selects
a random constant node (if exists) and applies a Cauchy mutation [9] to it. A newly
created random constant node is initialized by a random value from a selected interval.

3 Our Approach

In this section we describe GPAT algorithm. The algorithm works exactly as NEAT with
an exception of genome representation, genetic operators and distance measure. Un-
like in NEAT, where genomes encode neural networks, GPAT genomes represent trees
(more specifically forests of trees, to facilitate multiple outputs). GPAT uses nodes of
variable arity starting with zero children. Moreover, each children of a node is assigned
a constant which has a similar function as a synaptic weight in ANN. The constants are
therefore associated with links contrary to constants represented only by terminal nodes
in GP.

For a detailed description of NEAT, especially speciation and selection, see [6]. In
our implementation, we use an adaptive speciation threshold δ : it is doubled when a
number of species exceeds the target number of species nS, otherwise it is divided by 2.

GPAT Nodes. We use the following non-terminals for GPAT: +
(
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)
,

*
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i=1 xi
)
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arctan
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i=1 xi
))
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e∑C
i=1 xi

)
for all experiments

in this paper. The output of each node is given in parentheses, C stands for the node ar-
ity, ci is the i-th child’s constant and xi is the i-th child’s output. For C = 0 the output is
defined as 0 for all node types. Note, that constants are used only by the + node, they are
stored but not used for other types of nodes. The given set is optimized for Hypercube-
based indirect encoding, it contains symmetric, periodic and other functions. The set of
terminals is composed of a problem-specific number of inputs and a fixed constant 1.

Similarly to NEAT, GPAT starts with a population of simplest forests possible. In our
case this means a forests with all trees having a + terminal as the root with zero children
(such trees always output zero).

Genetic Operators. A new individual is created by the following structural and para-
metric mutations which can be applied with a given probability for each tree of the
forest:
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Add Link Mutation. With a probability pAL generate a random terminal t and connect it
to a random tree non-terminal node. This mutation closely resembles add link mutation
as found in NEAT, except, links always connect terminals to non-terminals.

Add Node Mutation. With a probability pAN choose a random link l and replace it by the
structure l1 → n → l2, where l1 and l2 are new links and n a new non-terminal random
node. This mutation was again inspired by its NEAT counterpart.

Insert Root Mutation. Create a new random root node and assign the original root as
its only child with a probability pIR.

Switch Node Mutation. Chose a random non-terminal or terminal node and change its
type randomly with a probability pSN .

Cauchy Parametric Mutation. Apply a Cauchy mutation as described in GP section to
each constant of the tree with a probability pCM.

Replace Constant Parametric Mutation. With a probability pRC for each constant of
the tree reset its value to a random number from a given interval [−aR,aR].

Currently we do not employ any crossover-like operator, which would require to
implement innovation number mechanism (see [6]). To limit bloating no structural mu-
tation was allowed for genotypes large enough (here the limit was: depth > 5, number
of constants > 10 and the number of nodes > 12).

Distance Measure. Unlike in NEAT we have decided to use a simpler distance measure
not based on innovation numbers. This is facilitated by the fact that we employ trees
instead of networks2.

Our approach called the generalized distance measure, covers many already pub-
lished approaches for GP trees, it is mostly inspired by [10], although we do not take
constant values into account. It allows to change behavior according to parameters. At
first, all node types are partitioned to sets A0, A1, A2, . . ., where A0 = {NIL} contains
only a special NIL node and A1 is reserved for constants. Then we define an auxiliary
function to compute the distance between two node types x ∈ Ai and y ∈ A j:

d′(x,y) =

{
0 if x = y (note, this implies i = j),
1 otherwise.

The generalized measure is defined as d(p,q) = d′(p,q), if neither p, nor q
have descendants, d(p(s1, . . . ,sn),q(t1, . . . , tm)) = d(q(t1, . . . , tm), p(s1, . . . ,sn))), for
m < n and d(p(s1, . . . ,sn),q(t1, . . . , tm)) = d′(p,q) + max(α,δpq)

1
K

(
∑n

i=1 d(si, ti) +
+β ∑m

j=n+1 d(NIL, t j)
)

for n ≤ m. The meaning of constants is as follows:

– α ∈ {0,1} decides whether to descend into subtrees, when nodes have different
types (descends when α = 1),

2 We have also experimented with NEAT-like distance measure, the preliminary results show,
that both approaches are comparable.
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– β ∈ {0,1} decides whether to include information concerning the missing subtree
in one of the trees (includes when β = 1),

– δpq is the Kronecker delta,
– K > 0 controls the influence of a node depth in the tree (for K = 1 the node depth

does not matter).

Along with the generalized distance measure we have also used the random distance as
a control treatment, where the distance between two trees is defined as a random number
from interval [0,1) using uniform distribution. GPAT with the random measure will be
denoted as GPAT-R. Note, that although this section dealt with tree distance measures,
in fact we evolve forests with GPAT to allow multiple outputs. The distance between
two forests is computed as an average of distances between corresponding trees.

4 Experimental Setup

In this section, we present both directly (Symbolic Regression and Maze Navigation)
and indirectly encoded problems used to compare the base algorithms (NEAT, GP,
GPAT and GPAT-R). Such experiments will be helpful to show, whether there is a differ-
ence in a choice of the right distance measure for direct and indirect encoding domains.

Symbolic Regression. The first, most straightforward problem is Symbolic Regres-
sion, the test functions are in Tab. 1. The equations are divided into four groups accord-
ing to their dimensionality (the number of inputs). They were selected from a larger
set, of which they presented the most diverse behaviors. Note, that the equation 4D-V
was obtained by solving a Visual Discrimination problem (see below). The 1D, 2D and
3D functions were sampled in a hypercube having minimum and maximum coordinates
−10 and 10, 4D used boundaries of −1 and 1. We have used 20 equidistant samples in
each dimension for 1D, 7 for 2D and 3D and 5 for 4D. The fitness is computed using
Mean Squared Error as 1/(1+MSE) which lies in (0,1]. The problem was considered
to be solved, when target fitness 0.95 was reached. Note, neither testing nor validation
sets were used.

Table 1. Symbolic Regression functions

ID Function ID Function

1D-F 1.5x3
1 +2.3x2

1 −1.1x1 +3.7 3D-K x1x2
2x3 −x1x2 +x2x3

1D-H 0.1x2
1 +0.2sin(x) 4D-C 1.5x1x2x3x4

2D-I 1.5x1x2
2 +2.3x1x2 −1.1x2

2 4D-F 1.5x1x2x3 +2.3x1 −1.1x2 −1.1x4
2D-K x1x2

2 +x1x2 −x2
2 4D-G 1.5x1x3x4x2

2 −1.1x2 +2.3x1

3D-E 1.5x1x2 +2.3x1 +x2x3 −1.1x3 4D-V e−ax2
2 x1

(
be−x2

3 −csin (1−x1)
)

3D-H 1.5x1x2
2x3 +2.3x1x2x3 −1.1x2 +5.3 (a,b,c) = (1.36709,2.43454,0.393788)
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Maze Navigation. Maze navigation (see Fig. 1) presents a deceptive task to show
abilities to overcome local extremes. The problem is a simple target approach, where a
simulated robot tries to navigate through a maze from a starting position to a target one.
Fitness is derived from the Manhattan distance between the robot and the target after
150 steps. We have used not only two different maps, but for each map also different
types of sensors. For MAZE-1 the sensors were: distance to target, binary wall sensors
(1 step ahead, ahead-left, ahead-right) and binary target detection (ahead, left, right
and behind). For MAZE-2 we have used four wall range finders instead of three wall
detection sensors. The controller has a single output: for output values less than −0.5
the robot turns left and advances, for values greater than 0.5 it turns right and advances,
otherwise it makes only a step forward. The problem was considered to be solved if and
only if the robot reaches the target. Both tasks are deceptive as there are local extremes
in a proximity of the global one.

Fig. 1. MAZE-1 (left), MAZE-2 (middle) maps, Mobile Robot Navigation arena (right). MAZE-
2 shows a possible solution. Mobile Robot Navigation map shows roads (fast) and grass (slow)
surfaces. Two white squares determine starting positions.

Bit Permutation. Bit permutation is a set of three problems which are similar to the
Bit Mirroring in [11]. All possible combinations of inputs (0s and 1s) were tested. In
this paper we did experiments with n = 6 inputs/outputs (64 possibilities). The fitness
is computed as a number of all correct output bits over all test patterns (in contrary
to [11].) The problem was considered to be solved when all input patterns generated
correct output patterns. The substrate is composed of two layers of neurons (input and
output). Nodes in each layer are placed equidistant (with a distance 1). A bias neuron
(having coordinate 0) is connected to all output neurons. The CPPN has therefore 2
outputs. The three problems are:

Bit Reverse. Bits 1,2, . . .n labeled from the LSB to the MSB: o j = in− j+1, for j ∈
{1,2, . . . ,n}.

Bit Shift. Logical shift to the right: on = 0, o j = i j+1, for j ∈ {1, . . . ,n− 1}.

Bit Rotate. Circular shift to the right: o j = i j+1 mod n, for j ∈ {1, . . . ,n}.
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Parity Problem. In this experiment we evolve a network computing odd parity. The
function has n inputs (in our case 4) and a single output. The substrate is similar to the
previous one, although we added a biased hidden layer (CPPN with 4 outputs). A final
network must give correct answers for all 16 test cases.

Visual Discrimination. As presented in [4], the task is to detect the larger object of
two objects, projected on a two-dimensional array of input neurons. Unlike in origi-
nal experiment, we employed a smaller input resolution of 5× 5 and the problem was
considered to be solved only for success in all test cases.

Mobile Robot Navigation. In the last experiment, we have employed ViVAE (Visual
Vector Agent Environment) [5,12]. The task was to evolve robotic controller to drive
two robots on a map (See Figure 4) at a maximum possible speed. The best strategy is
to drive on a side of a road to avoid collisions. The problem was considered to be solved
when a fitness reached 0.797 (value found experimentally).

Parameter Settings. The size of population was set to 100, the maximum number of
generations was 1000 (for Mobile Robot Navigation they were set to 100 and 50) for all
algorithms (GP, GPEFS and NEAT). All experiments were repeated for 200 times with
an exception of the Mobile Robot Navigation, which was repeated for 20 times, only.

We have used the same node types for all experiments. In the case of NEAT they
were: Bipolar Sigmoid, Sin, Linear and Gaussian. For GP: Add, Multiply, ArcTan, Sin
and Gaussian, see [5]. GPAT nodes were described above. Along with inputs, GP uses
a fixed constant of −1. Note, that other parameter settings, e.g., mutation rates are
available at the paper support page (see above).

To test the properties of the generalized distance measure, we did experiments for
all 8 combinations of K ∈ {1,2}, α ∈ {0,1} and β ∈ {0,1}, we will write these config-
urations as tuples, e.g., (2,0,1), in the following text.

5 Results

The results of all experiments are summarized in Fig. 2 showing success rates for both
direct and indirect problems. One can see that NEAT performs the worst of all algo-
rithms with an exception of Visual Discrimination where it is comparable with GPAT-R
and MAZE-2 where it significantly3 outperforms GP. Note, that NEAT never outper-
forms GP on indirect encoding problems: this supports the results in [5].

GP is a significant winner on three symbolic regression problems (2D-K, 3D-K and
4D-V) and a nonsignificant winner on Parity. Interestingly 2D-K and 3D-K are equa-
tions with a minimum number of constants (zero and one), while 4D-V is a solution of
the Visual Discrimination evolved by GP (GP is most probably biased to evolve such
solutions).

3 We use Fisher’s Exact test (two-tailed, significance level 5%) to compare the numbers of suc-
cessful experiments.
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6. 4.
5 14

.5
9.

5 21
.5

5.
5

23
.

9.
27

.
10

.

2.
60

.5
50

.
76

.
69

.5
69

.5
52

.5 69
.

71
.5 78

.
82

.

24
.5

3.
39

.
24

.5
11

.5
7.

21
.

9.
19

.
6.

54
.5

0.
5 15

.5
6. 7. 2.

11
.5

5. 7. 0.
5

1D�F

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

1D�H

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

2D�I

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

2D�K

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

31
.

1.
5

24
.

19
. 27

.5

8.

50
.

22
.

43
.

19
.

9.
5

1.
5 9. 6. 10

.

2.
5 16

.5

5.

18
.5

3.

17
.5

2. 3. 1.
5

3.
5

0.
5

1. 2.
5

0.
5

3D�E

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

3D�H

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

3D�K

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

96
.

84
.5

1.
10

0.
1.

10
0.

0.
5

10
0.

10
0.

24
.5

24
.5

12
. 18

.5
1.

27
.

49
.

9.
5 13

. 24
.5

0.
5

55
.

46
.

27
.

6.
5

42
.5 57

.
18

.
21

.

1.
74

.5
2.

5
3.

5
0.

5
0.

5

18
.

17
.5

3. 3.
5

4D�C

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

4D�F

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

4D�G

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

4D�V

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

28
.5 34
.

74
.

96
.5

86
.

89
.5

58
.

87
.

83
.

81
.

82
.5

33
.

20
.

48
.

17
. 23

.

15
.5

35
.

28
.5 44

.5

16
.5

44
.

MAZE�1

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

MAZE�2

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

3.
5

76
.

72
.5

94
.5 10
0.

41
.5

10
0.

37
.5

82
.5

29
.5

90
.

0.
5

26
.5

28
.5

85
.5 10

0.

43
.

99
.

25
.5

75
.5

16
.5

70
.

2. 2. 3. 4. 5.
5

0.
5

0.
5

0.
5

0.
5

Bit Reverse

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

Bit Shift

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

Bit Rotate

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

2.
5

63
.

44
.

31
. 44

.5

34
.

62
.

42
.5 59

.5

29
. 38

.5

32
.5

64
.5

31
.5

91
.

84
.5

70
.5

15
.5

72
.

59
. 74

.5

69
.5

45
.

10
0.

10
0.

10
0.

10
0.

10
0.

10
0.

10
0.

10
0.

10
0.

10
0.

Parity

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

Visual Discrimination

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

Mobile Robot Navigation

N G R A
1.
0
0

A
1.
1
0

A
2.
0
0

A
2.
1
0

A
1.
0
1

A
1.
1
1

A
2.
0
1

A
2.
1
1

20

40

60

80

100
SUCCESS �

Algorithm
K
Α
Β

Fig. 2. Experiment results for all test problems. The success rate over 200 experiments (20 for
Mobile Robot Navigation) is shown above bars. NEAT is labeled as N, GP as G, GPAT as A and
GPAT-R as R. The values of distance measure constants K, α and β are shown.
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GPAT-R, the control treatment, performed significantly better than NEAT in most
cases. On the other hand it performed worse than GP on all with an exception of both
maze tasks (significantly better) and Bit Shift (non-significantly better).

Finally, with a proper choice of the parameters K, α and β , GPAT is a significant win-
ner on all problems with an exception of the before mentioned 2D-K, 3D-K, and 4D-V
dominated by GP and MAZE-2 and Parity where GPAT is non-significantly worse than
GPAT-R and GP. Even without selecting the best configuration for each problem and
having them fixed either to (1,0,0) or (1,1,1), GPAT is a winner (at least non signif-
icantly worse than the best of NEAT, GP or GPAT-R) for 8 out of 13 direct problems
and 5 out of 6 indirect problems.

As one can see, GPAT success rate shows a noticeable dependence on distance mea-
sure parameters. The cases where GPAT-R outperforms GPAT clearly indicates where
inappropriate parameter settings were chosen. The choice of K = 2 (for K > 1 the deeper
the node is in a tree the smaller influence it has on a distance) seems to rather harm the
performance when compared to K = 1 (with few exceptions, e.g., Parity) which contra-
dicts results in [13]. The choice of α (enables/disables a comparison of subtrees with
different root node types) and β (take or not the size and shape of subtrees missing in
one of the trees into account) parameters is highly problem-dependent. However, for all
indirect encoding problems with an exception of Visual Discrimination, setting α = 1
improves the performance. For 4D-C (direct encoding) the difference even makes up
to 100%. Setting β = 1 most often leads to a reduced performance. On the other hand,
when α = 1, setting β = 1 led to improvement (see Visual Discrimination, Parity, 4D-F,
4D-G, 4D-V and maze tasks). This influence of α and β should be further examined.

6 Conclusions

In this paper, we have proposed a novel algorithm called GPAT which is inspired by the
well-known NEAT and GP algorithms. It takes the complexification property and the
niching evolutionary algorithm from NEAT while operating on tree-structures known
from GP. The use of trees allowed for a simpler distance measure and one such the
generalized measure was proposed and tested. Although the choice of node types for
GPAT was optimized for Hypercube-based indirect encoding tasks, the algorithm is
general and can be simply adapted to any task where GP is applicable.

GPAT outperformed both NEAT and GP on most benchmarks. For all indirect encod-
ing problems GP was superior to NEAT which supports results in [5]. Our estimation is,
that this is caused by a larger search-space for NEAT as it has to optimize more random
constants than a comparable tree. Also, some of the tested problems demanded high
accuracy (e.g., Symbolic Regression) which might be disadvantageous for NEAT. This
has to be, however, further examined.

In the future we plan to experiment with innovation number based distance measure
resembling the one used in NEAT and compare it to the proposed generalized mea-
sure. The use of innovation numbers will also allow to implement crossover (mating)
operator efficiently. The generalized measure can be further extended to take values of
constants into account similalrly as in [10]. Moreover, there is a possibility to employ
other measures, i.e., edit-distance based measures [14].
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Abstract. Recently, in the era of high speed computers, nanotechnology and in-
telligent control; genetic algorithms belong to the essential part of this high tech 
world. Therefore, this paper sticks two actual topics together - linear motor and 
genetic algorithm. It is generally known that linear motors are maintenance free 
and they are able to evolve high velocity and precision which is why we made 
closer look on this topic. To make the linear motor more precise, genetic algo-
rithm was applied. The GA role was to design optimal parameters for PID regu-
lator, lead compensator and Luenberger observer to ensure the most precise  
positioning. Eventually, some experiments were done to demonstrate the impact 
of Luenberger observer and it will be also shown responses of position, veloci-
ty, force, and position error, which were gained from the experiment using GA. 

Keywords: linear motor, genetic algorithm, master-slave control, Luenberger 
observer. 

1   Introduction 

Linear motors with permanent magnets (LMPM) found their right place within all 
kinds of motors covering the applications where the standard rotary motors have no 
chance to succeed. Thanks belong to their matchless features like better positioning 
and precision, no maintenance and no bearing ware. Therefore these motors can be 
found in various sectors, whether in electro-technical or electronic production – drives 
used in the elevators, conveyors, pumps, compressors, paper machines, robots, etc. 
Above all it has to be mentioned that linear motors purchase the popularity mainly by 
their implementation in the velocity trains such as Maglev or Trans-rapid.  

This paper will be focused on position servo-drive control design of LMPM com-
paring two methods: Genetic Algorithm (GA) and Pole Placement Method with 4D 
Master slave control and Luenberger observer. It will be unveiled the positive effect 
of Luenberger observer in one of the experiments, as well.  

GA is one of the most famous and the most used representatives of evolutionary 
computing techniques with wide range of application [1]. Control performance pos-
sesses highly important function in servo-drives that is why we took advantage of GA 
to improve the overall performance. GA is able to design the parameters for PID con-
troller, lead compensator and Luenberger observer at the same time, 9 parameters, 



74 T. Radičová and M. Žalman 

which is the main reason GA was applied. There is no problem to design these para-
meters independently with Pole-placement method, but it is naturally time consuming 
and mathematical techniques have to be well-known. 

The main idea of designing controller parameters using GA has been publicly 
adopted in the 1990's, but remains popular in the present as well, which is proven by 
number of papers in relevant journals [6][7]. Interesting is also attempt of PI position 
controller design of SMPM drive by Khater and others [5]. 

The goals of creating artificial intelligence and artificial life can be traced back to 
the very beginnings of the computer age. The earliest computer scientists - Alan Tur-
ing, John von Neumann, Norbert Wiener, and others were motivated in large part by 
visions of imbuing computer programs with intelligence, with the life-like ability to 
self-replicate and with the adaptive capability to learn and to control their environ-
ments. These early pioneers of computer science were as much interested in biology 
and psychology as in electronics, and they looked to natural systems as guiding meta-
phors for how to achieve their visions. It should be no surprise, then, that from the 
earliest days computers were applied not only to calculating missile trajectories and 
deciphering military codes, but also to modeling the brain, mimicking human learning 
and simulating biological evolution. These biologically motivated computing activi-
ties have waxed and waned over the years, but since the early 1980s they have all un-
dergone resurgence in the computation research community. The first has grown into 
the field of neural networks, the second into machine learning, and the third into what 
is now called "evolutionary computation", of which genetic algorithms are the most 
prominent example [3]. 

2   LMPM Position Control 

2.1   Position Servo-Drive, Implementation Block Scheme 

Position servo-drive can be performed by various algorithms (PID, PIV, P+PI…). PID 
algorithm with lead compensator is applied, referring to the article [2]. However, the 
entire block diagram consists of Luenberger observer and 4D master generator in  
addition. 

The entire position servo-drive structure may be seen in the Fig.1. 
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Fig. 1. Entire diagram of position servo-drive (PID-proportional–integral–derivative controller, 
LC-Lead Compensator, GF-Force generator, L-Luenberger observer, IRC-Incremental sensor) 
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2.2   Force Generator 

Force generator GF is one of the most important blocks of linear servo-drive control 
structure and works on a principal of vector frequency-current control synchronous 
motor with PM (Fig.2). It contains blocks of Park’s transformation, compensation 
block, IRC sensor, two current controllers (CCd, CCq) and block LMPM – particular 
servo-drive realized by following equations 
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Fig. 2. Force generator LMPM structure 

Equation (2) represents a relation between rotary and linear parameters issued from 
the physical interpretation. 

2m p sv fτ=   (2) 

τp – Pole spacing [m] 
fs  – Power supply frequency [Hz]  

Then generally holds the equation (3). 
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2.3   Master-Slave Control 

Master slave control can be assign to the status control or model control [4]. Its signif-
icant advantage is the inutility of knowing the exact mathematical model of controlled 
system. The quality model of regulating system is highly sufficient providing that you 
are familiar with the scale of the main parameters. 

2.3.1   Master-Slave Generator 
Master serves as a generator of control state variables and surprisingly the control 
vector can be greater than number of measured variables. Its task is to generate de-
sired waveforms of state variables – control vectors which shape can be rectangular, 
trapezoidal or sinusoidal, either 3-dimensional or 4-dimensional. In this paper is used 
4D master slave generator and it generates state variables of the position, velocity,  
acceleration and jerk (Fig.3). 
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Fig. 3. Time responses of Master slave output values 

2.3.2   Precorrection Constants 
Among indispensable parts in Master-slave control belong precorrection constants. 
Their task is to enhance position accuracy and consequently lower the position error. 
Calculating precorrection coefficients (K1, K2, and K3) starts from the condition for 
feed forward control and force generator dynamics is considered. 
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Fig. 4. Force Position servo-drive block diagram with PID structure and marked precorrection 
Master-3D (PID-proportional–integral–derivative controller, LC-Lead Compensator, GF-Force 
generator,) 

2.4   Luenberger Observer 

Observers are algorithms that combine sensed signals with other knowledge of the 
control system to produce observed signals [2]. They can enhance the accuracy and 
reduce the sensor-generated noise. Consequently, among various observers, Luen-
berger observer was chosen. Basically it is the observer of velocity and acceleration. 
In general, it may contain different algorithm structures. In this paper is chosen PID  
algorithm for controlling the third order system, though. 
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Fig. 5. Luenberger observer block diagram  

Pole-placement method is applied. It compares denominator of close-loop system 
N(s) with desired denominator ND(s) by equal power. 
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Parameters setup variables ξ1, k1 and ω01 are further explained in the Table 3. 
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3   Controller Design Methods 

The comparison of two controller design methods will be presented. Pole Placement 
method is used for designing the PID controller. 

3.1   Pole Placement Method 

Pole placement is one of the most widely used methods of controller design. It com-
pares denominator of close-loop system N(s) with desired denominator ND(s) by 
equal power. Accordingly, controller parameters are designed (P, I, D), however force 
generator GF dynamics is not considered. 
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Parameters setup variables ξ, k and ω0 are further explained in the Table 3. 
Lead compensator coefficients are design by well-known method using relation 

(lead - lag). 
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The lead compensator design is not the main purpose of this paper and you can find it 
in (Radičová, Žalman)[12]. A task to design parameters for PID controller together 
with lead compensator by Pole-placement method led to analytically unsolvable prob-
lem. Therefore, another solution for this task had to be found. 

However, the design of PID and lead compensator parameters were continuous,  
realization was discreet. 

3.2   Genetic Algorithm 

GA, one of the mostly used representatives of evolutionary computing, is based on 
finding optimal solution (optimal structure and controller parameters) for the given 
problem. Accordingly, the base rule for success is the precise fitness function design. 
Hence the fitness function represents minimization of position error using the  
following 

Fitness e a dy= +   (8) 

Genetic algorithm toolbox was used as a solving tool [10]. It is not the standard part 
of MATLAB distribution. The Toolbox can be used for solving of real-coded search 
and optimization problems. Toolbox functions minimize the objective function and 
maximizing problems can be solved as complementary tasks, as well. 
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The process of searching is adjusted very sophistically. First of all, a random popu-
lation is generated with a predefined number of chromosomes in one population with-
in prescribed limits for controller, lead compensator and Luenberger observer parame-
ters (for relevant values see Table 1). To achieve preferable parameters, fitness 
function, which minimized position error from Luenberger observer, was applied. 

LuenbergerFitness e=   (9) 

Then two best strings according the first fitness function were selected to the next 
generation. Bigger number of strings was selected to the next generation by tourna-
ment. Then number of crossovers and mutations are applied to the population to 
achieve bigger chances to reach the global optimum. This progress is the same for the 
fitness function used for Luenberger observer. Finally, the best parameters are chosen. 

Table 1. Table of parameters extracted from GA 

Number of generations 100 

Number of chromosomes in one 
population 

30 

Number of genes in a string 3 

Parameter “a” weight 0.7 

 
This algorithm, using the method mentioned above, is able to design 9 parameters 

at once. Therefore, GA belongs to the very effective algorithms which employ easi-
ness compared to the incredible mathematic severity. Eq. 10 represents transfer func-
tion of parameters obtained from GA for the lead compensator, the PID controller and 
the representation of Luenberger observer (Fig.5). Table 2 shows concrete parameters 
designed with GA and Pole Placement method according to Fig.1. 
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Table 2. Table of parameters extracted from GA 

 P I D a1 a2 b2 P1 I1 D1 

GA 6193 61.55 138.4 8 -0.987 -0.293 3917 251080 129.25 

Pole 
Placement 

4737 99220 75.39 20 -19.95 -0.9454 4737 992200 301.59 
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4   Simulation Results 

At the beginning, it has to be mentioned that following experiments were performed 
on the simulation model in Matlab Simulink environment using Luenberger observer 
and precorrection constants according to the Fig.1. 

First experiment (Fig.6, Fig.7) compares the behavior of force and position error 
with/without Luenberger observer. Table 3 shows used simulation parameters.  
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Fig. 6. The time response of force comparing 
the response with/without Luenberger observer  

Fig. 7. The time responses of position error 
comparing the response with/without Luen-
berger observer  

 
 

Table 3. Table of acronyms 

Acronym Meaning Value 

T Sampling period 0.2 ms 

Tgm Time constant of GF 0.5 ms 

Parameters for PID controller 

ξ Damping index 1 

k Shift pole index 1 

ω0 Bandwidth 2πf0 
f0 Frequency 10 Hz 

Parameters for Luenberger observer 

ξ1 Damping index 1 

k1 Shift pole index 10 

ω01 Bandwidth 2πf0 
f01 Frequency 10 Hz 

Parameters for precorrection 

K1 Precorrection constant B = 0.01 kg.s-1 

K2 Precorrection constant m = 0.4 kg 

Parameters for IRC sensor 

N Resolution 2 µm 
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Second experiment represents linear servo-drive behavior using parameters gained 
from GA and Pole Placement method with the parameters listed in the Table 3 and 
Table 4 (Fig.8, 9, 10, 11).  
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Fig. 8. The time response of position Fig. 9. The time response of velocity 
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Fig. 10. The time response of force Fig. 11. The time response of position error 

5   Conclusion 

It has been performed two experiments which confirm that genetic algorithm toolbox 
in connection with MATLAB is a very powerful tool for optimization and search 
problems. GA was able to design nine optimal parameters for linear servo drive that is 
the significant contribution to this area. In addition, as can be seen in the Fig. 11, the 
positioning accuracy and dynamics of the system is very high using GA. Eventually, 
it has to be mentioned that using Luenberger observer and precorrection constant led 
to the more precise positioning of LMPM. 
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Abstract. In times of economic crises and increasing market competi-
tion, business stability, quality, safety and supply chain flexibility and
cost optimization play an increasing role in companies that strive to stay
and survive in the market. A wise choice of suppliers, in such circum-
stances, becomes increasingly important prerequisite for the success of
any company. This paper presents a novel model for supplier assessment.
The proposed model considers the performance of suppliers classified into
several different groups of questions related to all the relevant issues: fi-
nance, logistics, competitiveness, quality and level of supplier services.
This model can be applied in a variety of companies and for different sup-
plier categories based on their purchase categories and therefore achieve
a realistic assessment.

1 Introduction

In times of economic crises and increasing market competition, business stability,
quality, safety and supply chain flexibility and cost optimization play an increas-
ing role in companies that strive to stay and survive in the market. Dynamic
market changes demand selection of business partners who are logistically and
otherwise able to follow changes in company requirements. Purchase activities
in large part support a firm’s inbound logistics and are vital to value creation
[8]. Managing the purchasing task in the supply chain has been a challenge for
many companies in the last decade.

In such circumstances a wise choice of suppliers becomes increasingly impor-
tant prerequisite for the success of any company. A firm’s sourcing strategy is
characterized by three key decisions [2]: (a) criteria for establishing a supplier
base; (b) criteria for the selection of the suppliers (a subset of the base) who will
receive an order from the firm and (c) the selected quantity of goods to order
from each supplier.

On the other hand, purchase analysis, in general, could be divided in the
following way: supplier analysis, consumption analysis and savings, cost analysis

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 83–92.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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and planning and analysis of supply of raw materials for production. First of all
the criteria for establishing a supplier base is defined and afterwards, supplier
usage by supplier analysis is assessed and then supplier base with all suppliers,
where a small number of suppliers is evaluated as appropriate, is created.

Soft computing (SC) methods have been successfully applied to solve non-
linear problems in business, engineering, medicine and sciences. These methods,
which indicate a number of methodologies used to find approximate solutions for
real-word problems which contain kinds of inaccuracies and uncertainties, can
be alternative to different kind of statistical methods. The underlying paradigms
of soft computing are neural computing, fuzzy logic computing and genetic
computing [16].

This paper presents a novel model for supplier assessment based on genetic
algorithm that is used in a multinational company with operations in more than
a dozen countries in the world as well as in Serbia. Supplier assessment is a
continuous process, and its results must be conveyed to the suppliers so they
could create a corrective action plan to develop and improve their weaknesses.
The main goal of assessment processes and supplier selection is to ensure a
successful and long-term cooperation between all parties in a supply chain.

The rest of the paper is organized as follows. The following Section overviews
similar available implementation while Section 3 elaborates a short part of a
previous research. The Section 4 describes the genetic algorithm performance
value constrained model. Section 5 presents experimental results while Section 6
concludes the paper and offers notes on future work.

2 Literature Review

It is proven that the application of SC has two main advantages. First, it made
solving nonlinear problems in which mathematical models ate not available,
poss-ible. Secondly, it introduced the human knowledge such as cognition, recog-
nition, understanding, learning, and other skills into fields of computing. This
resulted in the possibility of constructing intelligent systems such as autonomous
self-tuning systems, and automated design systems.

2.1 Literature Review of Soft Computing

Soft computing models are capable of identifying patterns that can be charac-
terized as ’typical day’ in terms of its meteorological conditions. The application
of a series of statistical and soft computing models to identify what may be
called ’Typical Days’ in terms of previously selected meteorological variables is
discussed in [3].

The multidisciplinary study [9] presents a novel four-step soft computing
knowledge identification model to perform thermal insulation failure detection.
These are all commonly used pre-processing tools in soft computing that under-
take pattern recognition based on dimensionality reduction issue. The aim is
gene-rating a model which will estimate how indoor temperature in a build-
ing of a specific configuration behaves. Once the model has been obtained, it
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is used as a reference model and soft computing model should be developed to
automatically detect the insulation failure detection.

The design of multi-objective robust proportional-integral-derivative (PID)
controller using various multi-objective optimization algorithms. In [17], two-
lbest based multi-objective, a soft computing technique and particle swarm opti-
mizer algorithm are applied for the design of robust PID controller by minimizing
integral squared error.

Several computation intelligence paradigms have been established, and re-
cently hybridization of computational intelligence techniques are becoming pop-
ular due to their capabilities in handling many real-word complex problems,
involving imprecision, uncertainty, vagueness, and high dimensionality [1]. Hy-
brid methods are based on coupling of the procedures from different optimization
methods to improve accuracy and effectiveness of basis optimization methods.

For example, in science, a novel hybrid method based on learning algorithm
of fuzzy neural network for the solution of differential equation with fuzzy ini-
tial value is presented in [7]. In [11] an application of hybrid particle swarm
optimizer is presented and it is applied to identify complex impedances of room
walls based on the mechanism discovered in the nature during observations of
the social behavior of animals. And finally, in business, the usage of hybrid ge-
netic algorithms and support vector regression model for stock selection model
is showed in [4]. A review, approach of fuzzy models and applications in logistics
is in detail presented in [10].

2.2 Literature Review of Supply Chain

Some mathematical programming approaches have been used for supplier se-
lection in the past. A multi-phase mathematical programming approach for ef-
fective supply chain design was presented in 2002 [12]. More specifically, a com-
bination of multi-criteria efficiency models, based on game theory concepts, and
linear and integer programming methods was developed and applied. A max-
min productivity based approach was proposed in 2003 [13]. It derives variabil-
ity measures of vendor performance, which are then utilized in a nonparametric
statistical technique in identifying vendor groups for effective selection. Fuzzy
goal programming approach was applied in 2004 to solve the vendor selection
problem with multiple objectives [5].

According to recent research work conducted in 2009, the quantitative decision
methods for solving the supplier selection problem can be classified into three
categories: (1) multi-attribute decision-making, (2) mathematical programming
models and (3) intelligent approaches [14]. Furthermore, in the latest literature
survey from 2010, it can be seen that the mathematical programming models
are grouped into the following five models: (1) linear programming, (2) integer
linear programming, (3) integer non-linear programming, (4) goal programming
and (5) multi-objective programming [6].

As was mentioned in previous section, criteria for establishing a supplier base
and criteria for selecting suppliers as subset of the supplier base are discussed in
some important surveys. In [15] 74 articles discussing supplier selection criteria
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were reviewed. It was also concluded that supplier selection is a multi-criteria
problem and the priority of criteria depends on each purchasing situation.

Hundreds of criteria were proposed, and the most often criterion is quality,
followed by delivery, price/cost, manufacturing capability, service, management,
technology, research and development, finance, flexibility, reputation, relation-
ship, risk, and safety and environment. Various quality related attributes have
been found, such as: ”compliance with quality”, ”continuous improvement pro-
gram”, ”six sigma program or total quality management”, ”corrective and pre-
ventive action system”, ”ISO quality system installed”. As mentioned before,
delivery is second most popular criterion, as well as: appropriateness of the de-
livery date”, delivery and location”, delivery conditions”,” delivery lead time”,”
delivery mistakes”. The third most popular criterion is price/cost and related at-
tributes including: ”competitiveness of cost”, ”cost reduction capability”, ”cost
reduction performance”, ”logistics cost” , ”total shipment costs”.

Based on the above mentioned findings, it was revealed that price/cost is
not the most widely adopted criterion. The traditional single criterion approach
based on lowest cost bidding is no longer supportive and robust enough in con-
temporary supply management.

3 The Previous Research

Supplier assessment and selection mapping as an essential component of supply
chain management is usually a multi-criteria decision problem which, in actual
business contexts, may have to be solved in the absence of precise information.
Suppliers are evaluated continuously, at least once a year, and so the supplier
base is a time variable category.

Procurement categories are: A) Raw Material; B) Industrial Products & Con-
sumables; C) Industrial Services; D) Utilities; E) Transport Services; F) General
Supplies & Services; G) Plants and Equipments; Z) Out of Scope. All of these
segments are divided into sub-categories: A.1) Electrical components; A.2) Plas-
tic components; A.3) Rubber parts; A.4) Metal castings; A.5) Small components;
A.6) Other components. The parameters of the defined target levels of supplier
performance for every segment of a purchase segments are defined separately.

Suppliers are grouped into categories, and every supplier is assessed in its
particular category, so it can happen that one supplier gets represented in several
categories. It is important to mention that a supplier can be well placed in one
category, and not so well placed in another.

Supplier performances represent groups of questions that are to be assessed
in the following business activities: 1) Finance; 2) Logistics; 3) Competitiveness;
4) Quality; 5) Service/Commercialism. All of performances which are assessed
are ranked in three levels (1, 2 or 3) respectively. On the other hand, as has
been mentioned before, target levels for supplier performances for every pur-
chase segment are defined separately. It is necessary because the importance of
one performance is not same for suppliers in different purchase segments. In other
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Table 1. Performance groups and individual performances for supplier assessment

Financial Debt Ratio Debt/Equity
Dependency % Turnover with Lames/Supplier

Global Turnover
Profitability Net result/Turnover

Logistics Delivery Respect of delivery time
Distribution Ability to manage the distribution chain
Capacity Capacity to supply required prod./service

range
Commitment/Stock Commitment/Availability on supplier stock
Coverage Supplier’s geographical coverage
B to B Solutions Ability to implement EDI or B to B

solution

Competitiveness Technical offer Management of the technical part of
its offer

Technical know-how Technical/Business know-how
Proposition force Proposition force (process improvement,

ability to innovate)
Price transparency Transparency : on prices, organization
Cost level/market Cost Level compared to the market
Cost level/competitors Price level/competitors

Quality Quality Certification ISO certification, control process or various
certification

Quality compliance Compliance with specifications
Corrective actions Ability to implement corrective actions
Sustainable development Safety & Environmental information,

child labor

Service K.A.M. approach Is the Key Account Manager approach
working adequately?

Reactivity Reactivity towards a demand

Commercialism R&D R&D department existence
Export turnover % of export turnover/Global turnover
Reporting Reporting

words, there is a difference between the importance of criteria for suppliers who
deal with raw materials and those who supply office supplies or provide the
service of cleaning office space. Table 1 shows all performance groups and all
individual performances and the method of evaluation.

For every question concerning supplier performance a target level of perfor-
mance is set on a scale form 1 to 3 so that the sum of the entire performance set
should be 50. This should be done in order to apply the following formula for
calculating the percentage of supplier performance on a scale from 0% to 100%:

% supplier performance = Σ(target level× current level)2/3. (1)
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It should be noted that one-dimensional supplier assessment models consider
only supplier performance. It is possible to extend the previous performance
supplier system with some other relevant issues which represent a new observed
supplier performance.

4 The GA Performance Value Constrained Model

In graphical representation of the results, as it can be seen, the questions are
grouped by 3, 4, and 6, in this way graphical representation of the results corre-
sponds to a triangle, or tetragon or pentagon or hexagon (Fig. 1).

As it can be seen individual performance can be lower, equal to, or higher
than defined target values. If individual performance shows value lower than the
target value, it means that the supplier has not satisfied company requirements
yet. If individual performance shows value equal to the target value then the
performance of the supplier is as expected.

If individual performance shows value higher than the target value, it means
that assessed supplier develops in the direction which is not requisite to the
company. This led to constraints on performances that exceed expected target
values when assessing a supplier.

The proposed genetic algorithm performance value constrain model is based
on performance value constraints during supplier assessment for one performance
on maximum target values. This limits the possibility of a supplier performance
which is not requisite to heighten supplier assessment value. Further on, the
proposed model calculates the area enclosed by the performance values which
are lower or equal to target values on one side, and on the other, by target
values of those supplier performances which are higher than the target values.
One such example, supplier performance and the enclosed area by the proposed
methodology is shown in Fig 2. In accordance with what was previously men-
tioned, light grey color of enclosed area shows that the criteria was satisfied, grey
enclosed area shows where supplier performances are higher than target perfor-
mance, and black enclosed area where target performance values are grater than
supplier performance. For this experimental research all of three areas are im-
portant for discussions. The Fig 2 shows only six target - supplier individual
performances but in experiment all of 24 performances were used.

Considering that it is necessary to determine maximum bordered area general
genetic algorithm and partially crossover and mutation GA effects are used. The
proposed GA performance value constrain model maximizes the observed en-
closed area. Also, the assessment of the minimum value of the observed area
can be done using the GA performance value constrain model in the same
way. In this way the estimation of the maximum and minimum affected area
is completed thus eliminating the possibility of subjectivity in positioning per-
formances or groups of performances. Our research can be classified as empirical
multi-attribute decision making model and scoring models are typically used to
evaluate suppliers for inclusion in the supplier base.
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Target Supplier

Fig. 1. Hexagonal graphical representation

Target Supplier

Fig. 2. Supplier individual performances, target level performances and the enclosed
areas

5 Experimental Results

Experimental results show minimum and maximum supplier assessment and
supplier performance values. Considering that it is necessary to determine maxi-
mum and minimum bordered area, general genetic algorithm and partially
crossover and mutation GA effects are used. The proposed GA performance
value constrain model maximizes the observed enclosed area.

Table 2 shows only some of the experimental results but nevertheless some
vary important conclusions can be made. Experimental results obtained by GA
constrain value model are shown and compared with regard to the empirical
method used in our previous research. Presented comparison shows that the
values obtained by supplier assessment GA model are somewhat higher than
those obtained by the established empirical method. This fact implies that GA
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Table 2. Experimental results: Empirical model, Surface without constrains, GA values
constrain model

Company Year Empirical Surface GA value Distinction
model without constrain constrain model GA & Empirical

AB SOFT Ltd. 2006 70.00% 97.20% 75.70% 7.53%

Adam Šped Sys. 2010 74.67% 108.33% 88.89% 16.00%
Lames Ltd. 2010 82.00% 130.84% 87.85% 6.66%
Staklo Enterijer 2011 82.00% 130.84% 75.70% -8.32%
Belem 2011 84.00% 151.46% 97.09% 13.48%
Elab 2012 78.67% 121.36% 72.82% -8.03%
Ninagro 2012 77.33% 117.82% 74.26% -4.13%
Average Error 3.21%

model is slightly less strict model when compared to the previous empirical model
which probably reflects the Market events in a turbulent business environment
in a much better way.

The results obtained by this method open the possibility for a greater number
of the suppliers to appear on the list of eligible suppliers and get a chance as a
potential bidder.

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 num-
ber of interacting entities. Therefore, the community requires effective soft com-
puting methods, modeling tools and tools for optimizing large scale complex
inbound logistics distribution and SCM systems.

The GA performance value constrained model is presented in this paper. The
experimental results of this method are obtained from the realistic data seta
of the supplier performances of a multinational company operating in Serbia.
The experimental results were later on compared to the results obtained by the
empirical method used in our previous research. Presented comparison shows
that the values obtained by supplier assessment GA model are somewhat higher
than those obtained by the established empirical method. This fact implies that
GA model is slightly less strict model when compared to the previous empir-
ical model which probably reflects the Market events in a turbulent business
environment in a much better way.

The results obtained by this method open the possibility for a greater number
of the suppliers to appear on the list of eligible suppliers and get a chance as
a potential bidder. Future development can be directed towards adding weight
to every performance group; business constraints can be considered as well as
technical, legal, geographical and commercial nature of every performance.

Supplier assessment is a continuous process, and its results must be conveyed
to the suppliers so they could create a corrective action plan to develop and
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improve their weaknesses. This process is important for both sides; the buying
company can secure and improve its supply chain, and the supplying company
can develop and advance its competitiveness. The main goal of assessment pro-
cesses and supplier selection is to ensure a successful and long-term cooperation
between all parties in a supply chain.
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Abstract. In this paper, Differential Evolution (DE) is used in the task of opti-
mization of a batch reactor. The novality of the approach is that a discrete chao-
tic dissipative standard map is used as the chaotic number generator to drive the 
mutation and crossover process in DE. The results obtained are compared with 
original reactor geometry and process parameters adjustment. 

1   Introduction 

These days the methods based on soft computing such as neural networks, evolutio-
nary algorithms, fuzzy logic, and genetic programming are known as powerful tool 
for almost any difficult and complex optimization problem. They are often applied in 
engineering design problems [1] or for the purpose of optimization of processing 
plants or technological devices [2] - [5]. Chemical industry produces a whole range of 
products through chemical reactions. Generally, it may be stated that key technologi-
cal points are chemical reactors. Designing optimal reactor parameters including  
control constitutes is one of the most complex tasks in process engineering.  

This paper is aimed at investigating the chaos driven DE. Although a number of 
DE variants have been recently developed, the focus of this paper is the embedding of 
chaotic systems in the form of chaos number generator for DE and its application to 
optimization of batch reactor. 

This research is an extension and continuation of the previous successful initial  
application based experiment with chaos driven DE [6]. 

The chaotic systems of interest are discrete dissipative systems. The Dissipative 
standard map was selected as the chaos number generator for DE. 

Firstly, batch processes are explained. The next sections are focused on the de-
scription of the batch reactor, differential evolution, used chaotic systems and  
problem design. Results and conclusion follow afterwards. 
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2   Characteristics of the Batch Processes 

The optimization of batch processes has attracted attention in recent years [7], [8]. 
Batch and semi-batch processes are of considerable importance in the fine chemicals 
industry. A wide variety of special chemicals, pharmaceutical products, and certain 
types of polymers are manufactured in batch operations. Batch processes are typically 
used when the production volumes are low, when isolation is required for reasons of 
sterility or safety, and when the materials involved are difficult to handle. In batch 
operations, all the reactants are charged in a tank initially and processed according to 
a pre-determined course of action during which no material is added or removed. 
From a process systems point of view, the key feature that differentiates continuous 
processes from batch and semi-batch processes is that continuous processes have a 
steady state, whereas batch and semi-batch processes do not [9], [10]. 

Lot of modern control methods for chemical reactors were developed embracing 
the approaches such as iterative learning model predictive control [11], iterative learn-
ing dual-mode control [12] or adaptive exact linearization by means of sigma-point 
kalman filter [13]. Also the fuzzy approach is relatively often used [14]. Finally  
the methods of artificial intelligence are very frequently discussed and used. Many 
papers present successful utilization of either neural networks [15] - [17] or genetic  
(evolutionary) algorithms [18] - [20]. 

This paper presents the static optimization of the batch reactor by means of chaos 
driven differential evolution. 

3   Description of the Reactor 

This work uses a mathematical model of the reactor shown in Fig. 1. The reactor has 
two physical inputs (one for chemical substances and one for cooling medium) and 
one output (cooling medium). 

 

 

Fig. 1. Batch reactor 
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Chemical FK (Filter Cake) flows into the reactor through the input denoted “Chem-
ical FK input”, with parameters temperature-TFK, mass flow rate- FKm  and specific 

heat-cFK. The coolant flows into reactor through the second input denoted “Cooling 
medium”, which is usually water of temperature TVP, mass flow rate- Vm and specific 

heat-cV.  
Cooling medium flows through the jacket inner space of the reactor, with volume 

related to mass-mVR, and flows out through the second output, with parameters mass 
flow rate mV, temperature-TV and specific heat-cV. 
At the beginning of the process there is an initial batch inside the reactor with parame-
ter mass-mP. The chemical FK is then added to this initial batch, so the reaction mix-
ture inside the reactor has total mass-m, temperature-T and specific heat-cR, and  
also contains partially unreacted portions of chemical FK described by parameter 
concentration aFK. 

This technique partially allows controlling the temperature of reaction mixture by 
the controlled feeding of the input chemical FK. 

The main objective of optimization is to achieve the processing of large amount of 
chemical FK in a very short time. In general, this reaction is highly exothermal, thus 
the most important parameter is the temperature of the reaction mixture. This tem-
perature must not exceed 100°C because of safety aspects and quality of the prod-
uct. The original design of the reactor was based on standard chemical-technological 
methods and gives a proposal of reactor physical dimensions and parameters of chem-
ical substances. These values are called within this paper original parameters. 

Description of the reactor applies a system of four balance equations (1) and one  
equation (2) representing the term “k”. 
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4   Differential Evolution 

DE is a population-based optimization method that works on real-number-coded indi-
viduals [21]. A schematic is given in Fig. 2.  

There are essentially five sections to the code. Section 1 describes the input to the 
heuristic. D is the size of the problem, Gmax is the maximum number of generations, 
NP is the total number of solutions, F is the scaling factor of the solution and CR is 
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the factor for crossover. F and CR together make the internal tuning parameters for 
the heuristic. 

Section 2 outlines the initialization of the heuristic. Each solution xi,j,G=0 is created 
randomly between the two bounds x(lo) and x(hi). The parameter j represents the index to 
the values within the solution and i indexes the solutions within the population. So,  
to illustrate, x4,2,0 represents the fourth value of the second solution at the initial  
generation. 

After initialization, the population is subjected to repeated iterations in section 3. 
Section 4 describes the conversion routines of DE. Initially, three random numbers r1, 
r2, r3 are selected, unique to each other and to the current indexed solution i in the 
population in 4.1. Henceforth, a new index jrand is selected in the solution. jrand points 
to the value being modified in the solution as given in 4.2. In 4.3, two solutions, xj,r1,G 
and xj,r2,G are selected through the index r1 and r2 and their values subtracted. This 
value is then multiplied by F, the predefined scaling factor. This is added to the value 
indexed by r3. 

However, this solution is not arbitrarily accepted in the solution. A new random 
number is generated, and if this random number is less than the value of CR, then the 
new value replaces the old value in the current solution. The fitness of the resulting 
solution, referred to as a perturbed vector uj,i,G., is then compared with the fitness of 
xj,i,G. If the fitness of uj,i,G is greater than the fitness of xj,i,G., then xj,i,G. is replaced 
with uj,i,G; otherwise, xj,i,G. remains in the population as xj,i,G+1. Hence the competi-
tion is only between the new child solution and its parent solution. 

Description of the used DERand1Bin strategy is presented in (3). Please refer to 
[21] and [22] for the detailed complete description of all other strategies. 

( )GrjGrjGrjGij xxFxu ,3,,2,,1,1,, −•+=+                                            (3) 

 

Fig. 2. DE Shematic 
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5   Chaotic Maps 

This section contains the description discrete chaotic maps used as the random gene-
rator for DE. Iterations of the chaotic maps were used for the generation of real num-
bers in the process of crossover based on the user defined CR value and for the  
generation of the integer values used for selection of individuals [23]. 

5.1   Dissipative Standard Map 

The Dissipative Standard map is a two-dimensional chaotic map. The parameters used 
in this work are b = 0.1 and k = 8.8 as suggested in [24]. For these values, the system 
exhibits typical chaotic behavior and with this parameter setting it is used in the most 
research papers and other literature sources. The Dissipative standard map is given in 
Fig. 3. The map equations are given in Eq. 3 and 4. 

)2(mod11 π++ += nnn YXX                                                (3) 

)2(modsin1 πnnn XkbYY +=+                                         (4) 

 
Fig. 3. Dissipative standard map 

6   Problem Design 

The cost function (CF) that was minimized is given in (5). It is divided into three time 
intervals, and has two penalizations. The first part ensures minimizing the area be-
tween required and actual temperature of the reaction mixture, and the second part 
ensures the rapid reaction of the whole batch of chemical FK, thus the very low value 
of concentration aFK of partly unreacted portions of chemical FK in reaction mixture.  
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The first penalization helps to find solutions in which the temperature of reaction 
mixture cools down fast to its initial state, and the process duration is shortened. The 
second corresponds to the critical temperature.  
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Where the time intervals were set for example as: 1t = 15000 s; 2t =20000 s;  

3t =25000 s. 

The minimizing term, presented in (6), limits the maximum mass of one batch. 
Moreover, many parameters were interrelated due to the optimization of the reactor 
geometry.  

m[t] ≤  mmax                                                                                             (6) 

7   Results 

The parameter settings for ChaosDE were obtained analytically based on numerous 
experiments and simulations (see Table 2). Experiments were performed in an envi-
ronment of Wolfram Mathematica and were repeated 50 times. 

Table 1. Parameter set up for Chaos DE 

Parameter Value 

PopSize 50 

F 0.8 

CR 0.8 

Generations 200 

Max. CF Evaluations (CFE) 10000 

 
The optimization proceeded with the parameters shown in Table 2, where the in-

ternal radius of reactor is expressed in parameter r and is related to cooling area S. 
Parameter d represents the distance between the outer and inner jackets and parameter 
h means the height of the reactor.  
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Table 2. Optimized reactor parameters, difference between original and the optimized reactor 

Parameter Range Original value Optimized value 

FKm  [kg.s-1] 0 – 10.0 0 - 3 0,0696 

VPT  [K] 273.15 – 323.15 293.15 276.077 

Vm  [kg] 0 – 10.0 1 4,6355 

r  [m] 0.5 – 2.5 0.78 1.0 

h  [m] 0.5 – 2.5 1.11 1.0 

d  [m] 0.01 – 0.2 0.03 0.0749 

 
The design of the reactor was based on standard chemical-technological methods 

and gives a proposal of reactor physical dimensions and parameters of chemical sub-
stances. These values are called within this paper original parameters (values). The 
best results of the optimization are shown in Fig.4 and Table 2. From these results it is 
obvious that the temperature of reaction mixture did not exceed the critical value. The 
maximum temperature was 372.8 K (99.65°C). The required temperature w used in 
cost function was 370.0 K (96.85°C). Another fact not to be neglected is the shortened 
duration of the process (approx 20740 s compared to the original approx 25000 s). Fig 
4 shows the time evolution of CF value for the best individual solution, whereas Fig 5 
confirms the robustness of ChaosDE in finding the best solutions for all 50 runs. 

 

 

 

Fig. 4. Results of optimization, Simulation of the best solution, course of the weight of reac-
tion mixture (upper left), concentration of chemical FK (upper right), temp. of reaction mixture 
(lower left), and temp. of cooling medium (lower right) 
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Fig. 5. Evolution of CF value for the best individual solution 

 

Fig. 6. Evolution of CF value for all 50 runs of Chaos-DE 

8   Conclusions 

Based on obtained results, it may be claimed, that the presented ChaosDE driven by 
means of the chaotic Dissipative standard map has given satisfactory results. The 
behavior of an uncontrolled original reactor gives quite unsatisfactory results. The 
reactor parameters found by optimization brought performance superior compared to 
the reactor set up by an original parameters. 

Future plans include testing of different chaotic systems, comparison with different 
heuristics and obtaining a large number of results to perform statistical tests. 
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Abstract. In this paper we propose a further generalization of differential evo-
lution based data classification method. The current work extends our earlier dif-
ferential evolution based nearest prototype classifier that includes optimization
of the applied distance measure for the particular data set at hand. Here we pro-
pose a further generalization of the approach so, that instead of optimizing only
a single distance measure for the given data set, now multiple distance measures
are optimized individually for each feature in the data set. Thereby, instead of
applying a single distance measure for all data features, we determine optimal
distance measures individually for each feature. After the optimal class prototype
vectors and optimal distance measures for each feature has been first determined,
together with the optimal parameters related with each distance measure, in actual
classification phase we combine the individually measured distances from each
feature to form an overall distance measure between the class prototype vectors
and sample. Each sample is then classified to the class assigned with the nearest
prototype vector using that overall distance measure. The proposed approach is
demonstrated and initially evaluated with three different data sets.

1 Introduction

Differential evolution algorithm (DE) has lately gained increasing popularity in solving
classification problems. The recent research in the field include e.g. bankruptcy pre-
diction [1], classification rule discovery [2], nearest neighbor prototype search [3] and
feature selection [4]. Since its introduction in 1995 DE have emerged among the most
frequently applied evolutionary computing methods [5]. DE has also been used in many
areas of pattern recognition, i.e. in remote sensing imagery [6] and hybrid evolutionary
learning in pattern recognition systems [7], to mention a few examples.

The focus of this paper is in solving classification problems by extending the earlier
DE based classifier [8],[9], [10] further on with an extension for optimizing the selec-
tion of applied distance measure individually for each feature in the data set to be clas-
sified. In our previous work [10] we generalized our original DE classifier version [8]
by extending the optimization process to cover also the selection of the applied distance
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measure from a predefined pool of alternative distance measures. In [10], however, we
applied the same distance measure for all features in the dataset, while the proposed
approach are optimizing the distance measures individually for each feature of the clas-
sified data. The rationale behind this extension is that in classification, the data set to
be classified is often in a form where each sample consists of several measurements,
and it is not guaranteed that all the measured values from one particular sample obey
the same optimal distance measure. It is clear that an optimal distance measure for a
feature may not be optimal for another feature in the same data set. This is the under-
lying motivation to further generalize our earlier method so, that instead of optimizing
a single vector based distance measure for all features, we concentrate on the problem
at the feature level, and optimize the selection of applied distance measure individually
for each particular feature.

Examples on situations where a considerably improved classification accuracy have
been obtained by applying some other distance measure than a simple euclidean metric
have been reported in several articles i.e. [11], [12], [13]. However, typically in these
types of studies one has simply tested with a few different distance measures for classi-
fying the data set at hand. So far none of them have concentrated on selecting distance
measures optimally at feature level, but on data set level instead.

Thereby, in case of classifying a dataset containing T features using the proposed
approach, we need to determine T different optimal distance measures. In addition we
need to determine also the possible parameters related to each distance measure and the
class prototype vectors representing each class. All these should be optimized so, that
the classification accuracy over the current dataset will be maximized. We apply DE
algorithm for solving the resulted global optimization problem in order to determine all
mentioned values optimally. In particular, if the distance measure applied to a particular
feature has any free parameters, also their values need to be optimized as well.

After the optimal class prototype vectors and distance measures with their related
parameters have been determined by DE algorithm, the actual classification by applying
the determined values takes place. After we have first computed the individual distances
between a sample and the class prototype vectors individually for each feature, then we
compute the overall distance value by normalizing the individual distances first, and
then simply calculate the sum of all feature wisely computed and normalized distances.
Finally, each sample is to be classified into the class represented by the nearest class
prototype vector that is providing the lowest overall distance value.

2 Differential Evolution Based Classifier with Optimized Distances
for the Features in the Data Sets

2.1 Differential Evolution Based Classification

The DE algorithm [15], [5] was introduced by Storn and Price in 1995 and it belongs
to the family of Evolutionary Algorithms (EAs). As a typical EA, DE starts with a ran-
domly generated initial population of candidate solutions for the optimization problem
to be solved that is then improved using selection, mutation and crossover operations.
Several ways exist to determine a stopping criterion for EAs but usually a predefined
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upper limit Gmax for the number of generations to be computed provides an appropriate
stopping condition. Other control parameters for DE are the crossover control parameter
CR, the mutation factor F , and the population size NP.

In each generation G, DE goes through each D dimensional decision vector vi,G of
the population and creates the corresponding trial vector ui,G as follows in the most
common DE version, DE/rand/1/bin [16]:

r1,r2,r3 ∈ {1,2, . . . ,NP} ,(randomly selected,
except mutually different and different from i)

jrand = floor(randi[0,1) ·D)+ 1
for( j = 1; j ≤ D; j = j+ 1)
{

if(rand j[0,1)<CR∨ j = jrand)
u j,i,G = v j,r3,G +F ·

(
v j,r1,G − v j,r2,G

)
else

u j,i,G = v j,i,G

}

In this DE version, NP must be at least four and it remains fixed along CR and F dur-
ing the whole execution of the algorithm. Parameter CR ∈ [0,1], which controls the
crossover operation, represents the probability that an element for the trial vector is
chosen from a linear combination of three randomly chosen vectors and not from the
old vector vi,G. The condition “ j = jrand” is to make sure that at least one element is
different compared to the elements of the old vector. The parameter F is a scaling factor
for mutation and its value is typically (0,1+]1.

After the mutation and crossover operations, the trial vector ui,G is compared to the
old vector vi,G. If the trial vector has an equal or better objective value, then it replaces
the old vector in the next generation. This can be presented as follows (in this paper
minimization of objectives is assumed) [16]:

vi,G+1 =

{
ui,G if f (ui,G)≤ f (vi,G)
vi,G otherwise

.

DE is an elitist method since the best population member is always preserved and the
average objective value of the population will never get worse. As the objective func-
tion, f , to be minimized we applied the number of incorrectly classified learning set
samples. Each population member, vi,G, as well as each new trial solution, ui,G, contains
the class vectors for all classes and the power value p. In other words, DE is seeking the
vector (y(1), ...,y(T ), p) that minimizes the objective function f . After the optimiza-
tion process the final solution, defining the optimized classifier, is the best member of
the last generation’s, Gmax, population, the individual vi,Gmax . The best individual is the
one providing the lowest objective function value and therefore the best classification
performance for the learning set. For control parameter values see [8], [9]. Next into
the actual classification. We suppose that T is the number of different kinds of features
that we can measure from objects. The key idea is to determine for each class the ideal
vector yi, yi = (yi1, . . . ,yiT ) that represents class i as well as possible. Later on we call

1 Notation means that the upper limit is about 1 but not strictly defined.
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these vectors as class vectors. When these class vectors have been determined we have
to make the decision to which class the sample x belongs to according to some crite-
ria. This can be done e.g. by computing the distances di between the class vectors and
the sample which we want to classify. For computing the distance usual way is to use

Minkowsky metric, d(x,y) =

(
T

∑
j=1

|x j − y j|p
)1/p

. After we have the distances between

the samples and class vectors then we can make our classification decision according to
the shortest distance. For x,y ∈ Rn. We decide that x ∈Cm if

d〈x,ym〉= min
i=1,...,N

d〈x,yi〉 (1)

In short the procedure for our algorithm is as follows:

1. Divide data into learning set and testing set
2. Create trial vectors to be optimized which consists of classes and parameter p, vi,G

3. Divide vi,G into class vectors and parameter p.
4. Compute distance between samples in the learning set and class vectors
5. Classify samples according to their minimum distance by using (1)
6. Compute classification accuracy (accuracy= no. of correctly classified samples/total

number of all samples in learning set)
7. Compute the fitness value for objective function using f = 1− accuracy
8. Create new pool of vectors vi,G+1 for the next population using selection, mutation

and crossover operations of differential evolution algorithm, and goto 3. until stop-
ping criteria is reached. (For example maximum number of iterations reached or
100% accuracy reached)

9. Divide optimal vector vi,Gmax into class vectors and parameter p.
10. Repeat steps 4, 5 and 6, but now with optimal class vectors, p parameter and sam-

ples in the testing set.

For more thorough explanation we refer to [8]. The proposed extension to the earlier
DE classifier will be described in detail next.

2.2 The Proposed Extension for Optimizing Distance Measures Individually for
Each Feature in the Data Set

Basically the vector to be optimized consists now of following components:

vi,G = {{class1,class2 · · ·classN},{switch},{parameters}}

where {class1,class2 · · ·classN} are the class vectors which are to be optimized for the
current data set, {switch} is an Integer valued parameter pointing the particular distance
measure to be applied from choices d1 to d8 (see Table 1). In the proposed approach
an individual value of {switch} is assigned for each data feature. In other words our
{switch} is T dimensional vector consisting of integer number within [1,8]. Since DE
algorithm operates internally with floating point representations and {switch} is a vec-
tor of Integer values, the corresponding adaptations are needed. Therefore we use in our
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Algorithm 1. Pseudo code for classification process with optimal parameters from DE.
Require: Data[1, . . . ,T ], classvec1[1, . . . ,T ], classvec2[1, . . . ,T ],...,classvecN[1, . . .,T ], switch, p1[1, . . . ,T ], p2[1, . . . ,T ],

p3[1, . . . ,T ],p4[1, . . . ,T ] center=[classvec1;classvec2; ...classvecN]
for j = 1 to T do

for i = 1 to N do
if switch( j) == 1 then

d(:, i, j) = dist1(data,repmat(center(i, j),T,1), p1( j))
else if switch( j) == 2 then

d(:, i, j) = dist2(data,repmat(center(i, j),T,1), p2( j))
else if switch( j) == 3 then

d(:, i, j) = dist3(data,repmat(center(i, j),T,1), p3( j))
else if switch( j) == 4 then

d(:, i, j) = dist4(data,repmat(center(i, j),T,1))
else if switch( j) == 5 then

d(:, i, j) = dist5(data,repmat(center(i, j),T,1))
else if switch( j) == 6 then

d(:, i, j) = dist6(data,repmat(center(i, j),T,1), p4( j))
else if switch( j) == 7 then

d(:, i, j) = dist7(data,repmat(center(i, j),T,1))
else

d(:, i, j) = dist8(data,repmat(center(i, j),T,1))
end if

end for
end for
D = scale(d)
for i = 1 to T do

dtotal(:, i) = sum(D(:, :, i),2);
end for
for i = 1 to length(dtotal) do

class(:, i) = f ind(dtotal(i, j) == min(dtotal(i, :)));
end for

optimization real numbers that are boundary constrained [0.5, 8.499], and all DE op-
erations are performed in real space. Only when we are applying the {switch} vector to
point the actual distance measures to be applied, we first round the values to the nearest
integer. In addition we have the {parameters} which is a vector of possible parame-
ters from the distance measures. In this case {parameters = {p1,p2,p3,p4}} where all
{p1,p2,p3,p4} are again vectors of T dimensions (i.e. p1 = {p1,1,p1,2, · · · ,p1,T}).

Each component of vector {switch} is referring to a distance measure in the pool
given in Table 1. A goal of the optimization process is to select the distance measures
optimally from this pool individually for each feature in the current data set. A collec-
tion of applicable distance measure is provided in[17], from where also the measures in
Table 1 have been taken.

The pseudocode Algorithm1 is describing the actual classification process after the
optimal class prototype vectors, distance measures and the possible free parameters of
each distance measure have been first determined by DE algorithm.

Next we discuss a bit more in detail the main modifications done to our previous
method. After we had created the pool of distances we needed to find a way to optimize
the selection of distance from the pool of possible choices to the data set at hand. For
this we used the switch operator which was needed to optimize. For the eight distances
in the pool now we had to add vector of parameters of length of T to be optimized in
order to select the suitable distance. By optimizing the integer numbers within [1,8] we
performed the needed optimal selection. In addition to this, as can be noticed from the
pool of distances and from the pseudo code there are different parameter values with
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different distances which needs to be optimized as well. For this we created additional
parameters to be optimized for each of the different parameters in pool of distances.
This part of the vector we call {parameters} which is possible parameters from the
distance measures. In this case {parameters = {p1,p2,p3,p4}}. At this point we are
facing the situation where we can have i.e. situation where optimal distance for feature
one can be d1 and also i.e. optimal distance for feature two can be d1 and clearly the
optimal parameter value can be different. For this reason we made {p1,p2,p3,p4} also
vectors of length T . This results in having several optimized parameter values which
are not used, making the optimization task more challenging, but also makes it possible
that different features with same optimal distance measure can have different optimal
parameter. After the vector vi,G is divided in its corresponding parts we can calculate the
distances between the samples and the class vectors. This results in a vector of distances
for one sample and one class vector. This vector is then normalized properly and after
that we aggregate this vector simply by computing the sum of normalized distances.
This is now stored in dtotal in the pseudo code. This process is repeated for all the
classes and all the samples. This way we end up having a distance matrix consisting
of samples and distances to each particular class. After we have created this distance
matrix the selection of to which class the particular sample belongs is made according
to minimum distance.

Table 1. Distance measures in a pool of distances

d1(x,y) = (|x−y|p1 ) ; p1 ∈ [1,∞) d2(x,y) = |x−y|p2/max{|x|, |y|}; p2 ∈ [1,∞)

d3(x,y) = |x−y|p3/min{1+ |x|, |y|}; p3 ∈ [1,∞) d4(x,y) = |x−y|/max{1+ |x|, |y|};

d5(x,y) = |x−y|/[1+ |x|+ |y|]; d6(x,y) = |x/[1+ |x|]−y/[1+ |y|]|
d7(x,y) = p4(x−y)2/(x+y); p4 ∈ (0,∞) d8(x,y) = |x−y|/(1+ |x|)(1+ |y|)

3 Classification Experiments and Comparisons of the Results

The data sets for experimentation with the proposed approach were taken from UCI
machine learning data repository [14]. Chosen data sets were all such where optimal
distance measure was not euclidean distance. The data sets were subjected to computa-
tion of 1000 generations (Gmax = 1000) of DE algorithm and the data was divided 30
times into random splits of testing sets and learning sets, based on which mean accura-
cies and variances were then computed. The fundamental properties of the data sets are
summarized in Table 2.

Table 2. Properties of the data sets

Name Nb of classes Nb of features Nb of instances
Horse-colic 2 11 368
Hypothyroid 2 25 3772
Balance scale 3 5 625
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The proposed differential evolution classifier with optimal distance measures for
each feature was tested with Hypothyroid, Horsecolic and Balance scale data set. The
mean classification accuracies were recorded as well as the corresponding optimal dis-
tance measure that was found optimal in each individual experiment. In each case 30
repetitions were performed dividing the data randomly into learning and testing tests.
The applied crossvalidation technique was two fold crossvalidation, where samples are
divided randomly into folds 30 times and required statistics was calculated from that
basis. Folds were normalized to achieve efficient and precise numerical computations.
Results from the experiments are reported in Table 3.

As can be observed from the Table 3 for Hypothyroid data set the mean accuracy of
99.57% was reached and using 99% confidence interval (by μ ± t1−αSμ/

√
n) accuracy

was 99.57± 0.63. With Balance scale data we observed the accuracy of 91.30± 0.12,
and with Horsecolic data the classification accuracy of 83.35± 2.23 were observed.

To enable initial comparisons with some of the most frequently applied classifiers
and with the previous DE classifier, we calculated the corresponding classification re-
sults also by using k-NN classifier, Back Propagation Neural Network (BPNN) and DE
classifier [8]. The results and their comparisons are provided in Tables 4.

In Table 4, results from Horsecolic, hypothyroid and Balancescale data are com-
pared between four classifiers. For Hypothyroid data, the proposed method performed
significantly better than k-NN. Also in comparison with BPNN the proposed method
gave significantly higher mean accuracy in 0.999 confidence interval. The original DE
classifier performed here slightly better than the proposed method, but the observed
difference was not found to be statistically significant.

Table 3. Classification results for the three data sets using N = 30 and Gmax = 1000. Mean
classification accuracies, variances and optimal distance found are reported in columns 2 to 6. TS
is referring to test set and LS to the learning set.

Data Mean (TS) Variance (TS) Mean (LS) Variance (LS)

Horsecolic 83.35 24.67 88.59 2.36

Balance scale 91.30 0.075 92.22 0.028

Hypothyroid 99.57 1.98 99.98 0.00092

Table 4. Comparison of the results from the proposed method to other classifiers with Horse-colic
data, Hypothyroid data and Balancescale data.

Horsecolic Hypothyroid Balancescale

Method Mean accuracy Variance Mean accuracy Variance Mean accuracy Variance

KNN 68.53 5.44 98.37 0.006 88.06 1.42

BPNN 80.85 19.27 97.29 0.018 87.90 2.22

DE classifier 71.76 107.78 99.95 0.0061 88.66 4.71

Proposed method 83.35 24.67 99.57 1.98 91.30 0.075
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The results from the comparisons with the Horsecolic data set the proposed method
achieved a clearly higher mean classification accuracy when compared with KNN,
BPNN and DE classifiers. Improvement with mean accuracy compared to original DE
classifier was significant and remarkably high, more than 10%.

In Table 4 also the results with balance scale data set are reported. Here the proposed
method significantly and rather clearly outperformed the other compared classifiers by
reaching the mean accuracy of 91.30%.

4 Discussion

In this paper we proposed an extension for the differential evolution based nearest pro-
totype classifier where the selection of the applied distance measure is optimized in-
dividually for each feature of the classified data set. Earlier a single distance measure
was applied for all data features, and thereby we were able to optimize the selection of
the distance measure in the data set level only. The proposed generalization extends the
optimization of distance measures to the feature level.

To demonstrate the proposed approach, and to enable a preliminary evaluation of
it, we carried out experimentation with three different data sets. In two cases the clas-
sification accuracy of the proposed method outperformed all compared classifiers sig-
nificantly. In the remaining case no statistically significant difference to the earlier DE
classifier version were observed, despite the difference to the other compared classifiers
were again significant and rather clear. The results are suggesting that the proposed gen-
eralization is advantageous from the classification accuracy point of view. However, this
conclusion should be interpreted as a preliminary one due to limited number of data sets
investigated so far.

An important aspect is, that the proposed approach is not limited to DE classifiers
only, and can be applied generally in connection with any other similar type of clas-
sification method that is based on global optimization. However, this is assuming that
an effective enough global optimizer like differential evolution algorithm is applied to
solve the resulting optimization problem.

Despite the current results are promising, they should be considered preliminary and
need to be further confirmed by applying a broader selection of data sets. That includes
into our further research plans. Concerning the possibilities for further developments of
the proposed approach, so far we have applied a simple summation of feature wisely
computed distances to calculate the final overall distance measure. However, in future
also a suitable aggregation method can be used for the purpose. This is also one of our
future directions for further investigations of this method.
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Abstract. Differential evolution algorithm with composite trial vector genera-
tion strategies and control parameters has been proposed recently. The perfor-
mance of this algorithm is claimed to be better or competitive in comparison
with the state-of-the-art variants of differential evolution. When we attempted to
implement the algorithm according to the published description, several modi-
fied variants appear to follow the description of the algorithm. These variants
of the algorithm were compared experimentally in benchmark problems. One of
newly proposed variants outperforms the other variants significantly, including
the variant used by the authors of the algorithm in their published experimental
comparison.

1 Introduction

Differential evolution (DE) was proposed by Storn and Price [9] as a global optimizer
for unconstrained continuous optimization problems with a real-value objective func-
tion. The search space (domain) S is specified by lower (a j) and upper (b j) limits of
each component j, S = ∏D

j=1[a j,b j], a j < b j, j = 1,2, . . . ,D , D is the dimension of the
problem. The global minimum point x∗, satisfying condition f (x∗)≤ f (x) for ∀x ∈ S is
the solution of the problem.

DE algorithm has become one of the evolutionary algorithms most frequently used
for solving the continuous global optimization problems in recent years [7]. Compre-
hensive summarizations of the up-to date results in DE are presented by Neri and Tir-
ronen [5] and by Das and Suganthan [3].

Algorithm of DE works with a population of individuals (NP points in domain S)
that are considered as candidates of solution. Parameter NP is called the size of the
population. The population is developed iteratively by using evolutionary operators of
selection, mutation, and crossover. Each iteration corresponds to an evolutionary gen-
eration. Let us denote two subsequent generations by P and Q. Applications of evolu-
tionary operators in the old generation P create a new generation Q. After completing
the new generation Q, the Q becomes the old generation for next iteration. The basic
structure of DE algorithm is shown in Algorithm 1.

The trial vector y is generated (line 5 in Algorithm 1) by crossover of two parent
vectors, the current (target) vector xi and a mutant vector v. The mutant vector v is
obtained by a mutation. Several kinds of mutation have been proposed in last years.
Three kinds of mutation used in algorithms compared in this study are described below.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 113–122.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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Algorithm 1. Differential evolution
1: generate an initial population P = (x1,x2, . . . ,xNP), xi ∈ S distributed uniformly
2: evaluate f (xi), i = 1,2, . . . ,NP
3: while stopping condition not reached do
4: for i = 1 to NP do
5: generate a trial vector y
6: evaluate f (y)
7: if f (y)≤ f (xi) then
8: insert y into new generation Q
9: else

10: insert xi into new generation Q
11: end if
12: end for
13: P := Q
14: end while

Symbols r1, r2, r3, r4, and r5 denote mutually distinct points taken randomly from the
current generation P, not coinciding with the target point xi, F > 0 is an input control
parameter, and U is uniformly distributed random value between 0 and 1.

• rand/1
v = r1 +F (r2 − r3) . (1)

• rand/2.
v = r1 +F (r2 − r3)+F (r4 − r5) . (2)

• current-to-rand/1
y = xi +U (r1 − xi)+F (r2 − r3). (3)

The current-to-rand/1/ mutation generates directly a trial point y because it includes so
called arithmetic crossover represented by the second term on the right side of (3).

The crossover operator constructs the trial vector y from current individual xi and the
mutant vector v. Two types of crossover were proposed in [9]. One of them is binomial
crossover which generates a new trial vector y by using the following rule

y j =

{
v j if Uj ≤ CR or j = l
xi j if Uj > CR and j �= l ,

(4)

where l is a randomly chosen integer from {1,2, . . . ,D}, and U1,U2, . . . ,UD are indepen-
dent random variables uniformly distributed in [0, 1). CR ∈ [0,1] is a control parameter
influencing the number of elements to be exchanged by the crossover. Eq. (4) ensures
that at least one element of xi is changed, even if CR = 0.

Mutation according to (1), (2), or (3) could cause that a new trial point y moves out
of the domain S. In such a case, the values of y j �∈ [a j, b j] is turned over into S by using
transformation y j = 2× a j − y j or y j = 2× b j − y j for the violated component.
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2 DE with Composite Trial Vector Generation Strategies

DE algorithm with composite trial vector generation strategies and control parameters,
in abbreviation composite DE, was presented by Wang et al. [12] and compared with the
state-of-the-art DE variants considered best performing, namely jDE [1], EPSDE [4],
SaDE [8], and JADE [13]. From the results In benchmark tests [10], composite DE out-
performed all of these algorithms except EPSDE. In comparison with EPSDE,
composite DE was competitive.

The composite DE combines three well-studied trial-vector strategies with three con-
trol parameter settings in a random way to generate trial vectors. The strategies are:
rand/1/bin, rand/2/bin, and current-to-rand/1/. All the strategies are carried out with a
pair of F and CR values randomly chosen from a parameter pool. It results in having
three candidates to a trial vector in each iteration step (line 5 in Algoritmus 1) that
compete by tournament. Thus, three function evaluations are needed in each step. The
vector with the least function value of those three candidates is then used as a trial vec-
tor. The parameter pool used in [12] contains the following pairs of control parameters:
[F = 1.0, CR = 0.1], [F = 1.0, CR = 0.9], and [F = 0.8, CR = 0.2].

After the first reading of the paper [12], the composite DE algorithm was imple-
mented as described above. This variant of the algorithm is labeled by CoDE hereafter.

However, the following part of the paper [12] induced doubts about the right form of
the algorithm (the symbols in the text within quotation marks are changed to be compat-
ible with the symbols used in this paper): “After mutation, the current-to-rand/1 strategy
uses the rotation-invariant arithmetic crossover rather than the binomial crossover, to
generate the trial vector [2,6]. As a result, this strategy is rotation-invariant and suit-
able for rotated problems. The arithmetic crossover in this strategy linearly combines
the mutant vector with the target vector as follows:

y = xi +U (v− xi) (5)

where U is a uniformly distributed random number between 0 and 1. Note that for the
arithmetic crossover the crossover control parameter CR is not needed”. It is not quite
clear if this text is meant only as an explanation how the current-to-rand/1 works or
if the current-to-rand/1 defined in (3) is used for generation of a mutant vector v and
then followed by the arithmetic crossover according to (5). If we decide for the latter
explanation and substitute y from (3) instead of v into (5), it results in generating the
trial vector according to

y = xi +U1U2 (r1 − xi)+U2 F (r2 − r3), (6)

where U1 and U2 are independent random variables uniformly distributed in [0, 1], U1

corresponding to (1) and U2 corresponding to (5). However, the expected value of the
multiplicative coefficient at (r1−xi) is E(U1 U2) = E(U1)E(U2) = 1/4 and the distribu-
tion of U1 U2 has positive skewness, which means that smaller values of the multiplica-
tive coefficient are more frequent. It results in generating the trial point y preferably in
smaller distance from xi compared to (3). This version of composite DE is denoted by
CoDE0 hereafter.



116 J. Tvrdı́k

The uncertainty about the correct form of composite DE algorithm was consulted via
e-mail with Y. Wang, the first author of [12]. From his response follows that no other
crossover in current-to-rand/1 strategy is applied and the (5) is just to explain why the
current-to-rand/1 strategy is rotation-invariant. He also wrote, that the current-to-rand/1
strategy can be considered as two-step procedure:

1) generation of the mutant vector v by rand/1 mutation (1),
2) arithmetic crossover according to (5).

However, then we obtain the rule for generating the trial point as it follows:

y = xi +U (r1 − xi)+U F (r2 − r3). (7)

It is obvious that such explanation of the current-to-rand/1 strategy is not quite cor-
rect, (7) differs from (3) in the multiplicative coefficient at the second difference of
the vectors. Meanwhile after a very careful reading of [12], a short passage hidden in
the text was found in the paper [12]: “In order to further improve the search ability
of the rand/2/bin strategy, the first scaling factor F in the rand/2 mutation operator is
randomly chosen from 0 to 1 in this paper”. It means that version of composite DE
algorithm described in the paper [12] uses the rand/2 mutation in the form as follows:

v = r1 +U (r2 − r3)+F (r4 − r5) , (8)

and the current-to-rand/1 strategy generates the trial vector just according to (3). This
“classic” version of composite DE which follows the description in [12] is labeled by
CoDE1 hereafter.

Through the inspection of Matlab source text of the composite DE algorithm and
comments therein downloaded from Q. Zhang’s home page1 it was found that the
current-to-rand/1 strategy is implemented in a slightly different way in the compos-
ite DE algorithm which is tested in the paper [12]. The points r1, r2, and r3 for the
mutation are chosen as a sample with replications and the current point xi is not ex-
cluded from the sampling. They need not be mutually distinct. This approach seems to
be strange, but the comment in the source code explains the reason: “We found that
using the following mechanism to choose the indices for mutation can improve the
performance to certain degree”. This variant using rand/2 according to (8) and mod-
ified current-to-rand/1 strategy with replications described above is marked by CoDE2
hereafter.

The last variant of composite DE for experimental comparison. labeled by CoDE3
hereafter, was implemented with the improved rand/2 strategy according to (8) and the
current-to-rand/1 strategy according to

y = xi +U1 (r1 − xi)+U2 F (r2 − r3), (9)

where U1 and U2 are independent random variables uniformly distributed in [0, 1]. Com-
paring with the current-to-rand/1 strategy (6) used in efficient CoDE1 variant, the first
scaling coefficient is again randomly distributed but uniformly with E(U1) = 1/2 and
the second scaling coefficient is randomized in the same way as in (6).

1 http://dces.essex.ac.uk/staff/qzhang/

http://dces.essex.ac.uk/staff/qzhang/
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3 Experiments

Six well-known scalable test functions [7,9] were used as a benchmark, namely first De-
Jong (sphere model), Ackley, Griewank, Rastrigin, Rosenbrock, and Schwefel function.
The first four of the test functions in their non-shifted form have the global minimum
point in the center of domain S, x∗ = (0,0, . . . ,0), which makes the search of the solu-
tion easier for many stochastic algorithms. That is why they were used in their shifted
version. The shifted function is evaluated at the point z = x−o, o ∈ S, o �= (0,0, . . . ,0).
The shift o is generated randomly from uniform D-dimensional distribution before each
run. The solution of the global minimization problem is then x∗ = o for all the shifted
functions. The definition of the test functions and the range of search domains are pre-
sented in [11]. The test functions names or their self-explaining abbreviations are used
as labels when reporting the results.

The six functions with the problem dimension of D = 30 were used as a benchmark
in experimental comparison of tested DE variants. One hundred of independent runs
was executed for each test problem and each composite DE variant in comparison.
Population size was set to NP = 30 for all the problems, i.e. the same as in [12].

The minimum function value ( fmin) in the final population and the number of ob-
jective function evaluations (nfe) needed for the search was recorded in each run. The
run is terminated if the difference of function values in the current population is very
small or if the number of objective function evaluations was over the given limit. Small
difference of function values in the current population indicates that the points of the
population are aggregated in a very small part of the search space and the population
lost the ability to change its place considerably. The given maximum allowed num-
ber of objective function evaluations expresses our willingness to wait for the results.
Such form of stopping condition is appropriate either for the benchmark tests or for the
real-world applications. The run is finished if the following condition is reached:

fmax − fmin < 1× 10−6 OR nfe ≥ 2× 104×D, (10)

where fmax and fmin are maximum and minimum function values in the current genera-
tion, respectively. The same stopping condition is used in all the experiments.

The solution of the problem found by a DE variant was considered acceptable if
fmin − f (x∗) < 1× 10−4. If an acceptable solution is found in a run, the number of
objective function evaluations needed for its finding was also returned from the run.
This number of the function evaluations is denoted by nfe near in results.

The reliability rate R of the search is assessed by the count of acceptable solutions
obtained in 100 runs. The number of objective function evaluations (nfe) and the relia-
bility rate R are fundamental experimental characteristics of the efficiency of the search.

4 Results

Two basic characteristics are needed to assess algorithm’s performance. The first one
is the number of function evaluations (nfe) needed for the termination of the search.
The second one is the reliability rate of the search (R) expressed by the number of runs



118 J. Tvrdı́k

giving an acceptable solution out of total 100 runs. The values of these characteristics
are shown in Table 1 for all the tested composite DE variants and benchmark problems.
The algorithms except CoDE3 perform with high reliability, R ≥ 98. The reliability of
CoDE3 is much lower in three benchmark problems, even no acceptable solution was
found in Rosenbrock problem. The least values of nfe for each problem are underlined,
only the the variants with R ≥ 98 are taken into account into this nfe comparison.

Table 1. Average number of function evaluations and values of reliability rate of composite DE
variants for all the benchmark problems in experimental tests

Ackley DeJong1 Griewank Rastrigin Rosenbrock Schwefel
Alg nfe R nfe R nfe R nfe R nfe R nfe R

CoDE 189764 100 98703 100 152818 100 207422 100 507140 100 165572 100
CoDE0 46002 100 23920 100 35018 100 131766 100 259676 98 73691 100
CoDE1 162412 100 85365 100 132715 100 198209 100 467466 100 144816 100
CoDE2 122313 100 65035 100 100560 100 169936 100 322318 100 117908 100
CoDE3 27113 23 20296 100 26779 57 121764 99 594310 0 62238 100

Computational costs of the algorithms (expressed by nfe) are also compared visually
using the boxplots in Figure 1. The same scale of vertical axis is used for all the prob-
lems in order to make inter-problem comparison easier. It is evident from the Figure 1
that the variants differ in their computational costs substantially. It was also confirmed
statistically by one-way analysis of variance (ANOVA) carried out for the variants with
almost full reliability of the search, i.e. CoDE3 was excluded from ANOVA as the vari-
ant with low reliability in three out of six benchmark problems. ANOVA tests rejected
the null hypotheses on the equivalence of expected nfe values in all the test problems.
Tukey-Kramer multiple comparison reveals the significant differences among the vari-
ants. In all the problems, the increasing sequence of variants with respect to nfe is the
same:

CoDE0 ≺ CoDE2 ≺ CoDE1 ≺ CoDE

with significant difference between each consequent pairs of variants at 5 % signifi-
cance level.

Another simple characteristic of the search process is the success rate. The success
rate is defined as the percentage of iterations, when the trial point is better than current
point of the population (condition in Line 7 in Algorithm 1 is satisfied) with respect to
the total number of function evaluations nfe. The values of the success rate are shown
in Table 2. Higher success rate means that the results of previous process are more
exploited. However, too high success rate causes the suppression of exploration, which
can result in premature convergence. High success rate of CoDE3 likely causes its bad
reliability in solving Rosenbrock problem.

The average number of the function evaluations necessary to find an acceptable so-
lution gives us a view to the convergence of algorithms in the early and the last stage
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Fig. 1. Comparison of computational costs expressed by nfe

of the search. The average values given as the percentage of nfe are shown in Table 3.
The number of function evaluations needed to find an acceptable solution is specific
rather to the problem than variant.

Statistical comparison of the success rates of the DE strategies used in the search
process is helpful for the explanation of the different performance of various compos-
ite DE variants in the experimental tests. The success of a given strategy means that
the strategy generates the trial vector with the minimum function value among three
strategies and simultaneously the function value of the trial point is less than f (xi).
The counts of the success found by each strategy were recorded in the experiments, the
values of counts in 5 by 3 contingency tables are evaluated cumulatively in 100 runs
for each benchmark problem separately. The contingency tables were analyzed by the
χ2 tests. Null hypotheses (independence of composite DE variant and kind of strat-
egy) were rejected in all the problems at significance level of α = 0.001. The sources
of dependence were assessed by standardized residuals. The standardized residuals are
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Table 2. Values of success rate of composite DE variants in all the benchmark problems

Success Rate (% of nfe)
ack dej gri ras ros schw Avg

CoDE 5.4 6.0 5.3 3.6 3.3 4.8 4.7
CoDE0 16.1 18.5 16.7 4.7 18.5 8.2 13.8
CoDE1 6.2 6.9 6.0 3.8 3.7 5.4 5.3
CoDE2 7.0 7.7 6.8 3.9 5.5 5.8 6.1
CoDE3 20.0 22.2 21.6 4.7 22.4 9.4 16.7

Table 3. Average number of the function evaluations needed to find an acceptable solution as
percentage of nfe

nfe near (% of nfe)
ack dej gri ras ros schw

CoDE 77 72 82 87 89 83
CoDE0 79 75 82 95 95 92
CoDE1 77 72 82 88 88 84
CoDE2 77 72 82 89 92 85
CoDE3 80 78 84 96 − 93

Average 78 74 82 91 91 87

asymptotically normally distributed, N(0,1). The patterns of sources of dependence
are shown in Table 4 for each problem. The significance of the standardized residual
is marked schematically by sign symbols in the appropriate cell of contingency table.
The symbol “+++” denotes significantly positive value of the standardized residual
(i.e. this strategy is successful more frequently than expected under independence),
the symbol “−−−” denotes significantly lower frequency of success at the level of
significance α = 0.001, the symbol “++” means significant positive value at α = 0.01,
If the value of the standardized residual is not significant, the cell is empty.

Table 4 shows almost the same patterns of strategy’s success for CoDE0 and CoDE3
variants. In the both variants, rand/2 strategy has significantly higher success than the
other strategies in all the test problems. Notice, the rand/2 strategy in CoDE0 differs
from the rand/2 strategy applied in CoDE3. CoDE0 and CoDE3 were the most effi-
cient variants in all the test problems except Rosenbrock, see Figure 1. The patterns of
CoDE0 and CoDE3 are different from the patterns of the other variants. Despite the
similarity of success patterns, there is a big difference in the performance of CoDE0
and CoDE3 variants. While the reliability rate of CoDE0 is almost 100, the reliability
of CoDE3 is much less in three test problems. It seems that CoDE3 is too greedy, likely
due to the using the version of current-to-rand/1 according to (9).
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Table 4. Comparison of success rate of strategies – significance of standardized residuals

rand1 rand2 currtorand rand1 rand2 currtorand

ackley dejong1
CoDE +++ −−− +++ +++ −−− +++
CoDE0 −−− +++ −−− −−− +++ −−−
CoDE1 +++ −−− +++ +++ −−− +++
CoDE2 ++ −−− +++ ++ −−− ++
CoDE3 −−− +++ −−− −−− +++ −−−

griewank rosenbrock
CoDE +++ −−− ++ +++ −−− +++
CoDE0 −−− +++ −−− −−− +++ −−−
CoDE1 +++ −−− +++ +++ −−− +++
CoDE2 +++ −−− +++ +++ −−− +++
CoDE3 −−− +++ −−− −−− +++ −−−

rastrigin schwefel
CoDE +++ −−− +++ +++ −−− +++
CoDE0 −−− +++ −−− −−− +++ −−−
CoDE1 +++ −−− +++ +++ −−− +++
CoDE2 −−− ++ ++ −−− ++
CoDE3 −−− +++ −−− −−− +++ −−−

5 Conclusion

The experimental comparison of composite DE variants verifies significantly differ-
ent performance. The results impeaches the role of rationality in the design of well-
performing stochastic global optimizers. Best performing CoDE0 variant was proposed
due to misunderstanding of composite DE description in [12]. Second best CoDE2 vari-
ant uses a strange modification of the current-to-rand/1 strategy (random points are
sampled with replications) described only in the source code of the algorithm. Any ra-
tional explanation of using the sampling with replications in this strategy can be hardly
found. However, this variant is significantly more efficient than the classic CoDE1 vari-
ant corresponding to the description of algorithm in [12]. The worst performing variant
CoDE3 was designed taking into account all the previous results with a rational effort to
increase the algorithm’s efficiency. This variant is very efficient in some problems but
also appears unreliable in some other problems. However, the best performing CoDE0
variant is a promising modification of composite DE algorithm and it should be tested
in hard benchmark problems, e.g. those defined in [10] in order to verify its superiority
in more thorough and convincing way. The current-to-rand/1 strategy and the choice
of distribution in randomizing its multiplicative coefficients is another topic for next
research.
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Abstract. In some applications, evolutionary algorithms may require high com-
putational resources and high processing power, sometimes not producing a sat-
isfactory solution after running for a considerable amount of time. One possible
improvement is a parallel approach to reduce the response time. This work pro-
poses to study a parallel multi-objective algorithm, the multi-objective version
of Differential Evolution (DE). The generation of trial individuals can be done in
parallel, greatly reducing the overall processing time of the algorithm. A novel ap-
proach to parallelize this algorithm is the implementation on the Graphic Process-
ing Units (GPU). These units present high degree of parallelism and they were
initially developed for image rendering. However, NVIDIA has released a frame-
work, named CUDA, which allows developers to use GPU for general-purpose
computing (GPGPU). This work studies the implementation of Multi-Objective
DE (MODE) on the GPU with C-CUDA, evaluating the gain in processing time
against the sequential version. Benchmark functions are used to validate the im-
plementation and to confirm the efficiency of MODE on the GPU. The results
show that the approach achieves an expressive speed up and a highly efficient
processing power.

Keywords: Multi-Objective problem, Differential Evolution, GPU, C-CUDA.

1 Introduction

Evolutionary algorithms (EAs) periodically require significant computational resources
to produce efficient solutions. Nonetheless, the use of a population-based approach al-
lows the parallelization of the main operations, which can be applied independently on
different individuals. As a result, the parallelization and more efficient search models
may not only improve EAs performance, but also be more effective than a sequential
approach, even when executed on a single processor [1].

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 123–132.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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DE [2] is a population-based optimizer that inherits the terminology and ideas of
EA’s in general. It begins by sampling the objective function with multiple and random
initial points. These points (vectors in the search space) are generated within the bounds
of the variables. New points are generated from the perturbations of existing points.
In DE, perturbations are defined according to the scaled differences between pairs of
candidate solutions in the population, in a operation called differential mutation. These
differences depend on the spatial distribution of the population, self-adapting to the
characteristics of the problem, which would explain the power of the algorithm as a
general-purpose optimizer. A simplified form of DE is shown in Algorithm 1.

Algorithm 1. Pseudo-code for a simplified form of DE

1 Initialize(pop, Np);
2 Evaluate(pop);
3 while ( convergence criterion not met ) do
4 foreach individual i in pop do
5 select randomly r1 �= r2 �= r3;
6 pi,g = GeneratePerturbation(xr1, xr2);
7 vi,g = Mutation(xr3, F , pi,g);
8 ui,g = Crossover(xi,g, vi,g);

// Selection
9 if f (ui,g)≤ f (xi,g) then

10 xi,g+1 = ui,g;

11 else
12 xi,g+1 = xi,g;

13 print(solution);

Multi-objective optimization problems (MOPs) have more than one objective func-
tion to be optimized. Usually, in this problem, some functions are in conflict with each
other, representing competing trade-off between different designs. The result for this
problem is a solution set, called the Pareto Front [3]. In such a situation, it is essential
to define comparisons between solutions, such as Pareto dominance. The Nondomi-
nated Sorting Genetic Algorithm II (NSGAII) classifies and sorts the solutions using
Fast Non-Dominated Sorting Procedure (FNDSP). This process defines dominant and
dominated solutions. Xue et al. [4,5] proposed a multi-objective approach based on DE,
named Multi-Objective Differential Evolution (MODE) by the authors, which extends
the ideas from NSGAII. MODE uses Pareto-based dominance to implement the selec-
tion of the best individual for the mutation operation of an individual. Similarly, [6]
proposed the Differential Evolution for Multiobjective Optimization (DEMO), which
uses Pareto-based ranking and crowding distance sorting and three different methods to
select an individual after these operations.

The existence of a population of candidate solutions makes EAs naturally paral-
lel search methods. There is a vast literature on how to parallelize EAs [1]. A novel
approach to parallelize EAs is their implementation on the Graphic Processing Units
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(GPU). These units are highly parallel, multithreaded and having manycore processors.
They were initially developed for image rendering, but the use of GPU for general-
purpose computing (GPGPU) with C/C++ became possible after NVIDIA released its
framework, a parallel computing architecture named Compute Unified Device Archi-
tecture (CUDA) [7]. Given this scenario, this work studies the implementation of Multi-
Objective Differential Evolution on the GPU with C-CUDA (MODE+GPU), evaluating
the gain in processing time against the sequential version.

There are some works in the literature concerning the implementation of DE in
GPUs. For instance, in [8] the authors present an implemention of DE in a single objec-
tive context. They state that their work is the first implementation of DE in C-CUDA.
Some problems with random numbers are reported by the authors. In this work we
implement random numbers on the GPU. In [9], the authors report an implementation
of a co-evolutionary DE in C-CUDA for solving min-max problems. The optimiza-
tion process uses two independent populations: one for the optimization variables and
another one for the Lagrange multiplier vector. DE and Markov Chain Monte Carlo
(MCMC) are combined in [10] to solve multi-objective continuous optimization prob-
lems. A population of Markov chains evolves toward a diversified set of solutions at the
Pareto optimal front. In our work the solutions are ranked with Fast Non-Dominated
Sorting Procedure and Crowding Distance.

The paper is structured as follows. In Section 2, we show the parallelization of DE,
together with considerations and some limitations. The experimental setups and the per-
formance comparison between the algorithms are presented in Section 3. We conclude
this article with some discussions in Section 4.

2 Multi-objective Differential Evolution on the GPU

The most important question is to define which part of an algorithm will be parallelized.
The performance will be influenced by the appropriate choice for parallelism in the
sequential code. This presents the greatest difficulty, because it involves many issues,
such as shared memory, concurrency, synchronism amongst others. DE executes its
evolution operations for each individual of the population with size N p. Then, there
are N p operations for generation. (see Algorithm 1, lines 4–8). This part is a suitable
choice to be parallelized, in which the evolution operation for each individual will run
on GPU. As a result, each trial individual is created simultaneously. This approach,
named MODE+GPU, is shown in Algorithm 2.

The function RunDEonGPU (lines 4) is a CUDA kernel, which is specified using
an execution configuration (<<< ... >>>). This function is invoked with Nb blocks
and Nt CUDA threads for each block and is executed on the GPU (called device). The
operations (lines 6–9) are executed in parallel by Nt different CUDA threads. The others
instructions (lines 1–2; 3; 10–14) are executed in sequence on the CPU (called host).

The random numbers generation on GPU is carried out by CURAND Library [11].
The pseudorandom numbers are created on the device and the results are stored in a
global memory. These numbers are used to select individuals randomly (line 6) and to
create a trial individual.

After creation of the trial population in parallel, it is merged with the current pop-
ulation (line 10). This process creates a new population with size 2 ∗N p [3,12]. The
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Algorithm 2. Pseudo-code for MODE+GPU

1 Initialize(pop, Np);
2 Evaluate(pop);
3 while ( convergence criterion not met ) do

// Each thread will run
4 trialPop = RunDEonGPU<<< Nb,Nt >>>(pop)
5 begin
6 select randomly r1 �= r2 �= r3;
7 pi,g = GeneratePerturbation(xr1, xr2);
8 vi,g = Mutation(xr3, F , pi,g);
9 ui,g = Crossover(xi,g, vi,g);

// to generate the trial population

10 newPop = merge(pop, trialPop); // 2 * Np
11 ranking(newPop, 2 * Np); // Fast Nondominated Sorting
12 crowdingDistance(newPop, 2 * Np);
13 pop = select(newPop, Np);

14 print(solution);

individuals are then classified and sorted using Fast Non-Dominated Sorting Procedure
(FNDSP) (line 11). Crowding distance is calculated (line 12) to distinguish individuals
belonging to the same front (same rank). The new population, for the next generation, is
built using the dominance criterion and crowding distance to select the N p best individ-
uals (line 13). The algorithm runs until some convergence criterion is met (line 3). The
data are stored in RAM memory and must be copied to GPU memory to be processed.
This process occurs before the function RunDEonGPU (lines 4) is invoked. After the
execution of the CUDA threads and immediately before the merge operation (line 10),
the result is copied again from GPU memory to RAM memory.

In the next section, the experimental setups are described and the performance com-
parison between the algorithms are presented. Moreover, the computational environ-
ment, the parameters and the benchmark functions are explained.

3 Experiments

In this section, the parallel approach proposed is compared with the sequential context
(CPU only). Benchmark functions are used to validate and to confirm the efficiency
of MODE+GPU and are shown in Section 3.1. The computational environment is pre-
sented in Section 3.2 and the parameters are explained in Section 3.3. At the end, the
results are shown in Section 3.4.

3.1 Benchmark Functions

We have used four functions from the ZDT benchmark functions to test and validate the
parallel approach. These functions are used by [3,13,14] and are shown in Table 1. All
objective functions are to be minimized.
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Table 1. Benchmark functions

Func. Var. Var. bounds Comments Objective functions

ZDT1 30 [0,1] convex

f1(x) = 1−exp(−4x1)sin6(6πx1);

f2(x) = p(x)

[
1−

(
f1(x)
p(x)

)2
]

p(x) = 1+9
[
(∑n

i=2 xi)
n−1

]0.25

ZDT2 30 [0,1] nonconvex

f1(x) = x1;

f2(x) = p(x)

[
1−

(
x1

p(x)

)2
]

p(x) = 1+ 9(∑n
i=2 xi)

n−1

ZDT3 30 [0,1] convex, discon-
nected

f1(x) = x1;

f2(x) = p(x)

[
1−

(√
x1

p(x) −
x1

p(x) sin(10πx1

)]

p(x) = 1+ 9(∑n
i=2 xi)

n−1

ZDT6 10 [0,1] nonconvex, nonuni-
formly spaced

f1(x) = 1−exp(−4x1)sin6(6πx1);

f2(x) = p(x)

[
1−

(
f1(x)
p(x)

)2
]

p(x) = 1+9
[
(∑n

i=2 xi)
n−1

]0.25

3.2 Computational Environment

Both algorithms were executed on a MacBookPro, with a Intel Core 2 Duo (2,4 GHz)
processor, 4 GB RAM and Mac OS X (update 10.6.8) operating system. The algorithms
were implemented using NetBeans 7.0.1. The NVIDIA Cuda Compiler (NVCC) is ver-
sion 4.0 and GCC/G++ Compiler is version 4.2.1.

The GPU unit is the GeForce 320M and is integrated on the main board. This GPU has
48 CUDA Cores, 254 MB of global memory, 512 CUDA threads per block, each block
with dimension 512 × 512 × 64 and the grids with dimension 65535 × 65535 × 1.
Furthermore, it supports CUDA Capability 1.2, with single point precision only (float)
and the CUDA Driver Version is 4.0.

3.3 Parameters

The parameters of the algorithm are shown on Table 2. For the F weight and the Cr
probability, we have configurations with fixed values and random values, making up
9 different algorithms. Each configuration set was executed 5 times on each problem,
totaling 180 results. In this paper, we present the graphics related to some results chosen
randomly. The stopping criteria is the maximum number of generations.
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Table 2. Parameters

Parameter Value
Population size (N p) 100 individuals
Max generations 1,000
Runs for configuration set 5

F weight
0.4
0.7

random (in each generation)

Cr probability
0.5
0.9

random (in each generation)

3.4 Results

At first, the average processing time is verified in 3.4, with some considerations and
comments. In Section 3.4 we present the tests with benchmark functions (Section 3.1)
to validate MODE+GPU.

Average Processing Time. This experiment aims at evaluating the performance of
algorithms on the CPU only and on the GPU. This is a very important comparison to
verify if the MODE+GPU can indeed generate efficient solutions with less processing
time or at least better solutions in the same time. The results are shown on Table 3. The
time corresponds to 100 individuals and 1,000 generations (Table 2).

Table 3. Result – Average processing time

Version Average processing time (sec.)
CPU only 3,000
MODE+GPU 10

Improvement 30,000%

The difference between the two implementations is very expressive, representing
a gain of 30,000%. MODE+GPU needs to transfer data between RAM memory and
GPU memory, which represents a relevant overhead in the implementation. Nonethe-
less, its mean time was the lowest. This shows that MODE+GPU can obtain equivalent
solutions with less processing time. As a result, MODE+GPU could run for approxi-
mately 300,000 generations or 30,000. If the population is increased other effects must
be observed, such as function evaluation, memory, time to transfer data between CPU
and GPU. Besides, the number of started CUDA threads cannot be supported by GPU,
which results in a process queue. This situation could seriously damage the perfor-
mance. The recommendation is to find a suitable balance between the number of gen-
erations and individuals.
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Benchmark Functions. This section presents the graphical results for the Functions
ZDT1, ZDT2, ZDT3 and ZDT6, which were explained in Section 3.1. The figures report
MODE+GPU results. The first function, ZDT1, is a convex one and the results for that
problem are shown in Figures 1(a) and 1(b). These results are very satisfactory, because
the points have reached the true Pareto Front with good proximity and diversity. Overall,
both parameter sets produced the similar results.
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(a) ZDT1 – Exp 1 (F – random, Cr – 0.5)
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(b) ZDT1 – Exp 2 (F – 0.4, Cr – 0.9)

Fig. 1. Results – Function ZDT1

Figures 2(a) and 2(b) show the results for Function ZDT2, which is a nonconvex
function. The points in Figure 2(a) are closer to the true Pareto front than in the other
figure. This can be explained by a random Cr probability, which might have hampered
the convergence. Nevertheless, the results are also quite satisfactory.

The Function ZDT3 is convex and disconnected. The results are displayed in Figures
3(a) and 3(b). In the first figure, there are some points far from the Pareto Front, in the
4th segment. In this case, the random parameter is the F weight, which could have
caused such a fluctuation of solutions. The Cr probability in the second experiment is
also random based, however it has not affected the results. In conclusion, the results can
be considered satisfactory.

Figures 4(a) and 4(b) show the results for Function ZDT6, which is a nonconvex
function and nonuniformly spaced. The first experiment has used all parameters ran-
domly. This situation has not implicated the result in this experiment. The points ob-
tained were very close to the Pareto Front. The second experiment shows that a fixed
F might slow down the convergence. Nevertheless, these results can be considered
acceptable.

Generally, the results were very satisfactory. The Pareto Front was covered in the
majority of cases. The random parameters had not implicated the results severely. On
the contrary, this approach has produced good solutions, diversifying the search. There-
fore, the MODE+GPU efficiency is illustrated with an expressive speed up and good
results in the benchmark functions.
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(a) ZDT2 – Exp 1 (F – random, Cr – 0.9)
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(b) ZDT2 – Exp 2 (F – 0.7, Cr – random)

Fig. 2. Results – Function ZDT2
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(a) ZDT3 – Exp 1 (F – random, Cr 0.5)
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(b) ZDT3 – Exp 2 (F – 0.4, Cr – random)

Fig. 3. Results – Function ZDT3
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(a) ZDT6 – Exp 1 (F – random, Cr – random)
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Fig. 4. Results – Function ZDT6
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4 Conclusions

In this paper, a new approach to multi-objective optimization problems using Differen-
tial Evolution on the GPU with C-CUDA was presented and discussed. In the proposed
approach, some parts of DE were parallelized and implemented to run on graphics pro-
cessing unit with the NVIDIA’s CUDA framework.

This work presented a significant application with Evolutionary algorithms. The pro-
posed approach showed a high speed up when compared with the CPU version. The
improvement in the processing time was very expressive. GPUs are fast, highly par-
allel processor units and may improve the response time of EAs significantly. The
MODE+GPU efficiency was confirmed by the good results achieved in benchmark
functions. The Pareto Front was covered in the majority of cases. The random parame-
ters had not implicated the results severely.

Some questions remain to be investigated. First, identifying other parts of the algo-
rithm MODE+GPU that can be parallelized. Moreover, new operators will be studied
to improve the results and a coevolutionary model with subpopulations will be devel-
oped for the GPU. The variation of the speed up as the dimensionality of the problem
increases is another important point to evaluate.
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Abstract. The differential evolution algorithm using competitive adaptation was
compared experimentally with the state-of-the-art adaptive versions of differen-
tial evolution on CEC2005 benchmark functions. The results of experiments show
that the performance of the algorithm with competitive adaptation is comparable
with the state-of-the-art algorithms, outperformed only by CoDE and JADE al-
gorithms in this test. A modification of competitive differential evolution prefer-
ring successful strategy for a longer period of search was also investigated. Such
modification brings no improvement and the standard setting of the competition
recommended in previous papers is suitable for applications.

1 Introduction

Differential evolution (DE) is simple population-based algorithm for the global opti-
mization introduced by Storn and Price [8]. DE has become one of the evolutionary
algorithms most frequently used for solving the global optimization problems in re-
cent years [6]. Compared with other evolutionary algorithms, DE has a very small
number of control parameters. However, it is commonly known that the performance
of DE algorithm is strongly dependent on the values of these parameters. Tuning the
proper values of control parameters for solving a particular optimization problem by
trial-and-error can take a lot of time. Because of this fact many adaptive approaches in
DE have appeared in literature. Four of them, namely jDE [1], SADE [7], JADE [16],
and EPSDE [4] are usually considered as the state-of-the-art adaptive variants of DE
algorithm. DE algorithm with composite trial vector generation strategies and control
parameters (CoDE) has appeared recently and its performance was found comparable
with the state-of-the-art algorithms [13].

The main goal of the study is to compare the performance of recently proposed
variant of competitive differential evolution (CDE) [12] with the other well-performing
adaptive DE algorithms on the hard benchmark test functions [9]. Another goal is to
study the influence of small changes in competitive mechanism on the performance.

2 Differential Evolution

DE works with two alternating generations of population, P and Q. The points of pop-
ulation are considered as candidates of solution. At the beginning, the generation P is

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 133–142.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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initialized randomly in the search domain S, S = ∏D
j=1[a j,b j], a j < b j, j = 1,2, . . . ,D .

A new point y (trial point) is produced by mutation and crossover operations for each
point xi ∈ P, i ∈ {1,2, . . . ,NP}, where NP is the size of population. Assuming mini-
mization, the point y is inserted into new generation Q if f (y) ≤ f (xi), otherwise the
point xi enters into Q. After completing the new generation, Q becomes the old gener-
ation P and the whole process continues until the stopping condition is satisfied. The
basic scheme of DE is shown in a pseudo-code in Algorithm 1.

Algorithm 1. Differential evolution
generate an initial population P = (x1,x2, . . . ,xNP), xi ∈ S distributed uniformly
while stopping condition not reached do

for i = 1 to NP do
generate a trial vector y
if f (y)≤ f (xi) then

insert y into new generation Q
else

insert xi into new generation Q
end if

end for
P := Q

end while

The trial vector y is generated by crossover of two parent vectors, the current (target)
vector xi and a mutant vector v. The mutant vector v is obtained by a kind of mutation.
Many kinds of mutation have been proposed, see e.g. [2,5,6,8], we mention those used
in algorithms compared in this study. Suppose that r1, r2, r3, r4, and r5 are five mutu-
ally distinct points taken randomly from population P, not coinciding with the current
xi, F > 0 is an input control parameter, and rand(0,1) is a random number uniformly
distributed between 0 and 1. The mutant vector v can be generated as follows:

• rand/1
v = r1 +F (r2 − r3) , (1)

• rand/2
v = r1 +F (r2 − r3)+F (r4 − r5) , (2)

• best/2
v = xbest +F (r1 − r2)+F (r3 − r4) , (3)

where xbest is the point with the minimum function value in the current population.
• rand-to-best/2

v = r1 +F (xbest − r1)+F (r2 − r3)+F (r4 − r5) , (4)

• current-to-rand/1

y = xi + rand(0,1)× (r1 − xi)+F (r2 − r3) . (5)

Note that the current-to-rand/1 mutation generates a trial point y directly, because
(5) includes so called arithmetic crossover.
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• randrl/1

v = rx
1 +F (r2 − r3) , (6)

where the point rx
1 is not chosen randomly like in rand/1, but tournament best among

r1, r2, and r3, i.e. rx
1 = argmini∈{1,2,3} f (ri), as proposed in [3].

• current-to-pbest/1 [16]

v = xi +F (xpbest − xi)+F (r1 − r2) , (7)

where xpbest is randomly chosen from 100 p % best individuals with input parameter
p ∈ (0,1], value of p ∈ [0.05,0.20] is recommended. The vector r1 �= xi is randomly
selected from P, r2 is randomly selected from the union P

⋃
A of the current popu-

lation P and the archive A.

The crossover operator constructs the trial vector y from current individual xi and the
mutant vector v. Two types of crossover were proposed by Storn and Price in [8]. Bino-
mial crossover replaces the elements of vector xi using the following rule

y j =

{
v j if Uj ≤ CR or j = l
xi j if Uj > CR and j �= l ,

(8)

where l is a randomly chosen integer from {1,2, . . . ,D}, and U1,U2, . . . ,UD are indepen-
dent random variables uniformly distributed in [0, 1). CR ∈ [0,1] is a control parameter
influencing the number of elements to be exchanged by crossover. Eq. (8) ensures that
at least one element of xi is changed, even if CR = 0.

In exponential crossover, the starting position of crossover is also chosen randomly
from 1, . . . ,D, but L consecutive elements (counted in circular manner) are taken from
the mutant vector v. Probability of replacing the kth element in the sequence 1,2, . . . ,L,
L ≤ D, decreases exponentially with increasing k. L adjacent elements are changed in
exponential variant, in binomial one the changed coordinates are dispersed randomly
over the coordinates 1,2, . . . ,D. While the relation between the probability of muta-
tion and the CR is linear in binomial crossover, in the exponential crossover this rela-
tion is nonlinear and the deviation from linearity enlarges with increasing dimension
of problem. Probability of mutation (pm) controls the number of exchanged elements
in crossover, pm ×D is the expected number of mutant elements used in producing
offsprings. Zaharie [14,15] derived the relation between pm and CR for exponential
crossover. Her result can be rewritten in the form of polynomial equation

CRD − D pm CR+ D pm − 1 = 0 . (9)

The value of CR for given value of pm ∈ (1/D,1) can be evaluated as the root of the
equation (9).

The combination of mutation and crossover is called DE strategy, usually abbreviated
by DE/m/n/c, where m stands for a kind of mutation, n for the number of differences
of randomly selected points in mutation, and c for the type of crossover.
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3 Competitive Differential Evolution

Adaptive mechanism for DE algorithm based on the competition of different strategies
or different settings of [F,CR] was introduced in [10]. Let us have H strategies or dif-
ferent [F,CR] settings in a pool. For simplicity, we speak on H strategies in the pool.
Any of H strategies can be chosen for the generation of a new trial point y. A strat-
egy is selected randomly with probability qh, h = 1,2, . . . ,H. At the start the values of
probability are set uniformly, qh = 1/H, and they are modified according to their suc-
cess rates in the preceding steps of the search process. The hth strategy is considered
successful if it generates such a trial vector y satisfying f (y) ≤ f (xi). Probability qh is
evaluated as the relative frequency according to

qh =
nh + n0

∑H
j=1(n j + n0)

, (10)

where nh is the current count of the hth strategy successes, and n0 > 0 is an input
parameter. The setting of n0 > 1 prevents from a dramatic change in qh by one random
successful use of the hth strategy. To avoid degeneration of the search process, the
current values of qh are reset to their starting values if any probability qh decreases
below some given limit δ , δ > 0.

Several variants of competitive DE differing both in the pool of DE strategies and
in the set of control-parameters values were tested [11]. A variant of competitive DE
appeared well-performing and robust in different benchmark tests in [12]. In this vari-
ant, denoted b6e6rl hereafter, 12 strategies are in competition (H = 12), six of them
with the binomial crossover and six ones with the exponential crossover. The randrl/1
mutation (6) is applied in all the strategies. Two different values of control parameter F
(F = 0.5 and F = 0.8) are combined with three values of CR, which gives six different
setting for each crossover. The binomial crossover uses the values of CR ∈ {0,0.5,1}.
The values of CR for exponential crossover are evaluated as the roots of the equation
(9), corresponding three values of probability pm are set up equidistantly in the interval
(1/D,1). The input parameters controlling competition are standardly set up to n0 = 2
and δ = 1/(5×H).

4 Experiments and Results

The adaptive DE algorithms experimentally compared in this study including the basic
features of their adaptive mechanism are briefly summarized in Table 1.

Two modifications of b6e6rl algorithm are tested. In the first one, hereafter called
b6e6rl60, the parameter δ controlling the competition was set to conventional value,
i.e. δ = 1/(5∗H) = 1/60. In the second one, hereafter called b6e6rl480, the parameter
δ is set to a much less value, δ = 1/(40 ∗H) = 1/480, in order to find out how the
preference of successful strategies for a longer period influences the performance of the
algorithm.

These two modifications of b6e6rl algorithm were applied to twenty five test func-
tions defined for CEC2005 competition [9]. Tests were carried out for the D = 30
dimension of the problems under the experimental conditions specified in [13], 25
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Table 1. Adaptive DE variants in experimental comparison

Algorithm Strategy Adaptive mechanism
# type

jDE [1] 1 rand/1/bin evolutionary self-adaptation of F and CR with
respect to their success

JADE [16] 1 curr-to-pbest/1/bin adaptation of F and CR with respect to their
success in the current generation

SADE [7] 4 rand/1/bin
rand/2/bin
rand-to-best/2/bin
curr-to-rand/1

competition of strategies, F random without
adaptation, CR – median of successful values in
last LP generations

EPSDE [4] 3 rand/1/bin
best/2/bin
curr-to-rand/1

competition of strategies, evolutionary selection
of successful strategy and control parameters,
mutation by random selection from the pool of
strategies and the pools of F and CR fixed val-
ues

CoDE [13] 3 rand/1/bin
rand/2/bin
curr-to-rand/1

F and CR selected at random from three pairs
of fixed values, tournament selection among
strategies

b6e6rl [12] 2 randrl/1/bin
randrl/1/exp

competition of strategies with assigned fixed
values of F and CR, probability of strategy se-
lection proportional to its success, resetting the
values of probability if any of probability values
is too small

independent runs for each benchmark function were carried out, each run was stopped
if the number of function evaluations FES = 3× 105 was achieved.

A comparison of b6e6rl algorithm modifications with other algorithms is presented
in Tables 2 and 3. The average and standard deviation of the function error values are
given here. The function error value in a run is computed as f (xmin)− f (x∗), where xmin

is the best solution found by the algorithm in a run and x∗ is the global minimum of the
function. The results of the other algorithms are taken from [13]. The minimum average
error values for each function are printed in bold, all the error values less than 1×10−10

are considered equal. The numbers of wins are given in the last rows of the tables.
With respect to the number of wins, the best algorithms are CoDE, JADE, and

b6e6rl60 in this order, followed by the medium-performing algorithms (b6e6rl480,
EPSDE, and jDE), SADE appeared the worst performing.

A summarized comparison of the algorithms on 25 benchmark functions is shown in
Table 4. The rank of the algorithm with respect to average function error was assigned
to each algorithm for each function. All the error values less than 1× 10−10 are again
considered equal and were assigned by their average rank. The algorithms are presented
in the ascending order of their average rank. We can see that best performing algorithms
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are CoDE and JADE while other algorithms differ only very little and there is almost
no difference in the performance of b6e6rl modifications.

Similar summarized comparison on the subset of easier test functions (F1 to F14) is
depicted in Table 5. The order of the algorithms differs a little from the comparison on
the whole set of functions. CoDE and JADE are again best performing but b6e6rl480
modification is the third best algorithm followed by b6e6rl60 with almost equal average
rank. The other algorithms have their average rank greater by more than one.

The modifications of b6e6rl algorithm were also compared in the second set of exper-
iments in order to investigate the ability of the algorithm to find an acceptable solution
of the problem. The experiments were carried out on the easier subset of test functions
(F1–F14), 25 runs were performed for each function. The higher maximum number of
FES was allowed but a run was stopped if the solution found in the run was near to the
correct solution of the problem. The stopping condition was set as follows:

( f (xmin)− f (x∗))< ε OR FES > 3× 106

Table 2. Results of b6e6rl60, b6e6rl480, JADE, and jDE, D = 30, FES = 300000

b6e6rl60 b6e6rl480 JADE jDE
F mean std mean std mean std mean std

F1 0.00E+00 0.0E+00 0.00E+00 0.0E+00 0.00E+00 0.0E+00 0.00E+00 0.0E+00
F2 1.18E-13 6.3E-14 2.98E-13 1.5E-13 1.07E-28 1.0E-28 1.11E-06 2.0E-06
F3 9.09E+04 5.3E+04 3.79E+05 2.2E+05 8.42E+03 7.3E+03 1.98E+05 1.1E+05
F4 1.11E-13 7.2E-14 5.77E-07 2.0E-06 1.73E-16 5.4E-16 4.40E-02 1.3E-01
F5 5.44E+02 5.4E+02 1.14E+03 6.7E+02 8.59E-08 5.2E-07 5.11E+02 4.4E+02
F6 3.41E-14 2.8E-14 3.41E-14 2.8E-14 1.02E+01 3.0E+01 2.35E+01 2.5E+01
F7 6.30E-03 7.7E-03 7.09E-03 8.6E-03 8.07E-03 7.4E-03 1.18E-02 7.8E-03
F8 2.10E+01 5.7E-02 2.09E+01 7.1E-02 2.09E+01 1.7E-01 2.09E+01 4.9E-02
F9 0.00E+00 0.0E+00 0.00E+00 0.0E+00 0.00E+00 0.0E+00 0.00E+00 0.0E+00

F10 6.38E+01 1.0E+01 4.79E+01 9.0E+00 2.41E+01 4.6E+00 5.54E+01 8.5E+00
F11 2.66E+01 2.1E+00 2.75E+01 1.6E+00 2.53E+01 1.7E+00 2.79E+01 1.6E+00
F12 1.48E+04 6.3E+03 1.16E+04 4.6E+03 6.15E+03 4.8E+03 8.63E+03 8.3E+03
F13 1.42E+00 1.2E-01 1.25E+00 8.3E-02 1.49E+00 1.1E-01 1.66E+00 1.4E-01
F14 1.26E+01 2.3E-01 1.25E+01 3.0E-01 1.23E+01 3.1E-01 1.30E+01 2.0E-01
F15 3.64E+02 1.2E+02 3.88E+02 8.3E+01 3.51E+02 1.3E+02 3.77E+02 8.0E+01
F16 1.32E+02 1.0E+02 9.46E+01 7.0E+01 1.01E+02 1.2E+02 7.94E+01 3.0E+01
F17 1.61E+02 7.1E+01 1.15E+02 2.6E+01 1.47E+02 1.3E+02 1.37E+02 3.8E+01
F18 9.05E+02 1.2E+00 9.06E+02 1.5E+00 9.04E+02 1.0E+00 9.04E+02 1.1E+01
F19 9.06E+02 1.7E+00 9.06E+02 2.0E+00 9.04E+02 8.4E-01 9.04E+02 1.1E+00
F20 9.05E+02 1.0E+00 9.06E+02 2.8E+00 9.04E+02 8.5E-01 9.04E+02 1.1E+00
F21 5.00E+02 1.2E-13 5.00E+02 1.2E-13 5.00E+02 4.7E-13 5.00E+02 4.8E-13
F22 8.82E+02 1.9E+01 8.88E+02 2.9E+01 8.66E+02 1.9E+01 8.75E+02 1.9E+01
F23 5.34E+02 3.6E-04 5.34E+02 3.9E-04 5.50E+02 8.1E+01 5.34E+02 2.8E-04
F24 2.00E+02 6.0E-13 2.00E+02 6.0E-13 2.00E+02 2.9E-14 2.00E+02 2.9E-14
F25 2.11E+02 1.1E+00 2.12E+02 1.1E+00 2.11E+02 7.9E-01 2.11E+02 7.3E-01

#wins 10 8 11 6
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Table 3. Results of SADE, EPSDE, and CoDE, D = 30, FES = 300000

SADE EPSDE CoDE
F mean std mean std mean std

F1 0.00E+00 0.0E+00 0.00E+00 0.0E+00 0.00E+00 0.0E+00
F2 8.26E-06 1.7E-05 4.23E-26 4.1E-26 1.69E-15 4.0E-15
F3 4.27E+05 2.1E+05 8.74E+05 3.3E+06 1.05E+05 6.3E+04
F4 1.77E+02 2.7E+02 3.49E+02 2.2E+03 5.81E-03 1.4E-02
F5 3.25E+03 5.9E+02 1.40E+03 7.1E+02 3.31E+02 3.4E+02
F6 5.31E+01 3.3E+01 6.38E-01 1.5E+00 1.60E-01 7.9E-01
F7 1.57E-02 1.4E-02 1.77E-02 1.3E-02 7.46E-03 8.6E-03
F8 2.09E+01 5.0E-02 2.09E+01 5.8E-02 2.01E+01 1.4E-01
F9 2.39E-01 4.3E-01 3.98E-02 2.0E-01 0.00E+00 0.0E+00

F10 4.72E+01 1.0E+01 5.36E+01 3.0E+01 4.15E+01 1.2E+01
F11 1.65E+01 2.4E+00 3.56E+01 3.9E+00 1.18E+01 3.4E+00
F12 3.02E+03 2.3E+03 3.58E+04 7.1E+03 3.05E+03 3.8E+03
F13 3.94E+00 2.8E-01 1.94E+00 1.5E-01 1.57E+00 3.3E-01
F14 1.26E+01 2.8E-01 1.35E+01 2.1E-01 1.23E+01 4.8E-01
F15 3.76E+02 7.8E+01 2.12E+02 2.0E+01 3.88E+02 6.9E+01
F16 8.57E+01 6.9E+01 1.22E+02 9.2E+01 7.37E+01 5.1E+01
F17 7.83E+01 3.8E+01 1.69E+02 1.0E+02 6.67E+01 2.1E+01
F18 8.68E+02 6.2E+01 8.20E+02 3.4E+00 9.04E+02 1.0E+00
F19 8.74E+02 6.2E+01 8.21E+02 3.4E+00 9.04E+02 9.4E-01
F20 8.78E+02 6.0E+01 8.22E+02 4.2E+00 9.04E+02 9.0E-01
F21 5.52E+02 1.8E+02 8.33E+02 1.0E+02 5.00E+02 4.9E-13
F22 9.36E+02 1.8E+01 5.07E+02 7.3E+00 8.63E+02 2.4E+01
F23 5.34E+02 3.6E-03 8.58E+02 6.8E+01 5.34E+02 4.1E-04
F24 2.00E+02 6.2E-13 2.13E+02 1.5E+00 2.00E+02 2.9E-14
F25 2.14E+02 2.0E+00 2.13E+02 2.6E+00 2.11E+02 9.0E-01

#wins 4 7 12

Table 4. Comparison of algorithms performance according to their average rank on 25 benchmark
functions

Algorithm Average rank

CoDE 2.74
JADE 3.12
jDE 4.12
b6e6rl60 4.24
b6e6rl480 4.36
SaDE 4.44
EPSDE 4.98
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Table 5. Comparison of algorithms performance according to their average rank on functions F1
to F14

Algorithm Average rank

CoDE 2.61
JADE 2.68
b6e6rl480 3.61
b6e6rl60 3.64
jDE 4.75
SaDE 5.04
EPSDE 5.68

Table 6. Required accuracy ε for the benchmark functions

Functions ε

F1 – F5 1×10−6

F6 – F14 1×10−2

Table 7. Reliability and average FES in successful runs for b6e6rl modifications on the easier
subset of test functions

b6e6rl60 b6e6rl480
Function R Av. FES R Av. FES

F1 100 48682 100 44174
F2 100 69984 100 87403
F4 100 129533 100 229982
F6 100 140374 100 163003
F7 84 57483 72 59480
F9 100 53794 100 45209

F12 12 862940 4 1835400

where xmin is the best solution found in a run, x∗ is the global minimum of the function,
ε is the required accuracy prescribed in [9], and FES is the current number of function
evolutions. The values of ε used in the experiments are given in Table 6. The results of
this comparison obtained on the F1–F14 subset of test functions are shown in Table 7,
the reliability of the search is given in the column R, which is the percentage of the runs
that found a solution satisfying the condition ( f (xmin)− f (x∗)) < ε . Only functions
with R > 0 are presented in the table, in the other test problems no acceptable solution
was found in 3×106 function evaluations. The results show if the b6e6rl algorithm can
find an acceptable solution, it is able to find it faster than in 3× 105 FES in most test
problems. However, in 7 out of 14 problems the algorithm is not able to find any good
solution even in 3× 106 FES.
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It is seen from the table that the preference of successful strategies for a longer pe-
riod in b6e6rl480 does not bring better efficiency of the search. The average FES of
b6e6rl480 is higher in 5 out of 7 functions. As it was expected, the preference of suc-
cessful strategies for a longer period decreased the reliability (in 2 out of 7 functions).

5 Conclusion

The performance of b6e6rl variant of competitive DE appeared to be comparable with
the state-of-the-art adaptive versions of differential evolution algorithm when applied to
the hard benchmark problems [9]. With respect the number of wins, it was outperformed
by CoDE and JADE only. The average ranks of both b6e6rl modifications are in the
middle of the algorithms in the experimental comparison. In the subset of easier test
functions, the performance of b6e6rl modifications is even better in their average ranks,
outperformed only by CoDE and JADE.

The preference of successful strategies for a longer period by setting the control
parameter of competition to δ = 1/480 does not bring better efficiency of the search
compared to its former recommended value δ = 1/60. The recommended values of the
parameters controlling the competitive adaptation should be used when considering the
application of b6e6rl algorithm.
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Abstract. Classifying data is a key process for extracting relevant information
out of a database. A relevant classification problem is classifying the condition
of a transformer based on its chromatography data. It is a useful problem formu-
lation as its solution makes it possible to repair the transformer with less expen-
diture given that a correct classification of the equipment status is available. In
this paper, we propose a Differential Evolution algorithm that evolves Perceptron
Decision Trees to classify transformers from their chromatography data. Our ap-
proach shows that it is possible to evolve classifiers to identify failure in power
transformers with results comparable to the ones available in the literature.

1 Introduction

Classification problems can aid the process of decision making in many real world
applications. Among those is the extraction of relevant characteristics about clients or
preventing failure in equipments. As an example of a classification problem, the compo-
sition of gases present in a transformer can indicate its condition of operation (Section
2.1). By obtaining the classification rules we can then infer information on classes from
the data related to the problem.

In this paper we describe an approach to generate classification rules with Differ-
ential Evolution (DE) algorithms. DE is a metaheuristic that iteratively searches high
quality solutions (Section 2.2). Each candidate solution used by our DE algorithm is
a Perceptron Decision Tree (PDT), which are decision trees that consider all the at-
tributes of the data in each of its nodes (Section 2.3). This paper introduces the following
contributions:

• An algorithm based on Differential Evolution for evolving Perceptron Decision
Trees (Section 3)

• An approach for representation and manipulation of PDT in the context of DE
solutions (Section 3.1-3.2)

• A strategy for replacing solutions (Section 3.3), in which the worst classifiers give
place to new ones

• A method for controlling the legitimacy of the evaluation (Section 3.4) that makes
evaluation more legitimate when it seems to be necessary

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 143–152.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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The results of our final algorithm for different databases are compared (Section 4).
Those results are also compared to works with similar databases (Section 5). We con-
clude that even though a more extensive study is needed, the proposed algorithm is
efficient for solving the problem with chromatography database (Section 6).

2 Background

2.1 Dissolved Gas Analysis in Power Transformers

Dissolved Gas Analysis (DGA) is a usual method for detecting faults in power trans-
formers as it allows diagnosis without de-energizing the transformer [23]. For the exper-
iments of this work we have used three databases of chromatography related to power
transformers. In order to find potential failure in transformers, we can analyze the gases
produced in the equipment oil as it is exposed to heat [15]. The problem consists in
diagnosing the fault from the data describing the gases generated under that condition.
Thus, the problem of analyzing dissolved gases consists in finding rules that can iden-
tify failures in the transformers. The possible classifications of a transformer are (i)
normal, (ii) electrical failure, and (iii) thermal failure.

2.2 Differential Evolution

Differential Evolution [14,22] is an algorithm developed to improve the quality of a
solution over many iterations. A population of candidate solutions is kept and new so-
lutions are generated and tested from a simple combination of preexistent solutions.
The best solutions are then kept. DE is an algorithm employed for real valued functions
but it does not use the gradient of the function to be optimized. Many books have been
published approaching theoretical aspects of DE, see for instance [9,11].

The basic iterative process of DE is described below:

• Generate many solutions x with random positions in the search space.
• Initialize the crossover probability CR and differential weight F
• Until a halting criterion is not met, the following steps are repeated:

– For each solution x:
· Choose other three solutions a, b and c from the population that are differ-

ent from x.
· Choose a random index R between 1 and the population size.
· In order to generate a new solution y, for each position i of the solution:

· Generate a real valued number r between 0 and 1 with uniform distri-
bution

· If r <CR, yi = ai +F(bi − ci), else yi = xi

· If y is better than x, x is replaced by y
• Return the best solution found

The values F , CR and the population size must be chosen by the person using the
algorithm. Given a suitable formulation of a problem of data classification, DE can then
evolve classification rules for the test database.
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2.3 Perceptron Decision Trees

A common approach for classifiers is to employ binary classification trees. In those
trees, the condition of one of the attributes is tested according to a threshold. The dif-
ference between the attribute value and the threshold defines the next tree node to be
considered. This process repeats until a leaf node is reached. In those nodes, there is
information on the class that should correctly classify the data.

In this work, we propose a different approach for defining each tree node. With the
equation wx + θ = z, where w as weight scalars, x are the data attributes and θ is
a constant, we can linearly divide the search space into areas where z > 0 and areas
where z < 0. With this approach, we define a PDT.

Many authors have employed similar concepts of aggregating linear classifiers or
perceptrons in a tree under different names [4,5,6,7], including PDT [3].

3 Methodology

In this section we describe how DE was used for evolving PDT. The problem presents
many possible parameters and a brief study of those is presented.

The database employed in this work consists in chromatography data of transform-
ers. The data has 5 attributes, representing the quantity of each of the following gases:
(i) Hydrogen, (ii) Methane, (iii) Acetylene, (iv) Ethane, and (v) Ethylene. Besides the
value of each of those attributes, there is also the classification of the transformer into
3 possible classes: Normal (Class 1), Electrical Failure (Class 2), and Thermal Failure
(Class 3).

Three different unbalanced databases were used for the tests. A brief description of
the databases is shown on Table 1. We can notice that most samples belong to class 1
and that is mostly due to the unbalancing of the database 3.

Table 1. Databases

Database Number of samples Class 1 Class 2 Class 3

DB 1 52 30,77% 42,31% 26,92%
DB 2 232 39,22% 26,29% 34,48%
DB 3 224 81,70% 5,80% 12,50%

Total 508 57,09% 18,90% 24,02%

The information was split into two sets. The first set, with 70% of the samples, con-
tains the training set for the generation of the classifier while the second dataset, with
30% of the samples, contains the validation data, for testing the generalization capacity
of the classifier.
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3.1 Representation of a Classifier

As seen in Section 2.3, each PDT contains many linear classifiers, being each of those
defined by a vector of weights w of size n and a constant θ , being n the number of
attributes of the classification problem. The number of classifiers in a PDT is 2(h−1)−1,
being h a variable defined as the depth of the PDT.

Besides the classifiers, each PDT contains 2(h−1) leaf nodes, which contain a possible
classification for a sample. Those nodes are defined in the discrete space. A complete
PDT can be defined by the matrices of size n×2h−1−2 for the weights, 1×2h−1−1 for
the constants and 1×2h−1 for the leaf nodes. This is the size of each solution employed
by the DE.

Each of the 2h−1 − 1 columns of the classifier matrices defines a classifier. After
using the linear classifier at position i of n, the classifier at position 2i is used if the
output of the classifier is < 0 or the classifier 2i+ 1 is used otherwise.

As the total error will be the standard of comparison between the algorithms, the
objective function value of each of the solutions is defined as the number of misclassifi-
cations, including false positives and false negatives. This objective function, naturally,
must be minimized by the DE.

Three initial values for h were tested. While the individual size is O(2h−1 − 1), the
evaluation cost is still O(h) because only one possible path is searched through the PDT.
The values h of 3, 5 and 7 were tested for evolving PDT. The PDT had representation
size 3, 15 and 63, respectively. Where h= 3, 333 generations were executed, with h= 5,
200 generations, and with h = 7, 142 generations. That was meant to keep at least
the evaluation cost similar throughout the generations. Ten executions using all the
databases with h = 5 achieved an initial average training error of 17.65%, with h = 3
had 18.57% and with h = 7 had 20.01%.

3.2 Operators

Simple operators, as shown in Section 2.2 were employed for the generation of new
solutions. Values of F and CR are defined as random values between 0.4 and 1 and
between 0.9 and 1, respectively [22]. Those values are altered at each iteration of a
generation.

As for the leaf nodes, a discrete approach must be used for the crossover of solutions
[17]. The approach used is inspired in the idea that DE uses a vector of differences to
alter the solution, however now this vector represents swap movements between two
possible positions. In doing so, the movement described as bi − ci is only performed if
ai = bi. If ai = ci, the movement ci−bi is applied. In a third possible case, where ai �= bi

and ai �= ci, no movement is performed. The value F is used to define if the operation
should happen. The operation occurs if a randomly generated number is less than F .

3.3 Replacement of Individuals

As the replacement of individuals is made one by one, it may happen that some solu-
tions are stagnant in bad points of the search space. In order to avoid this problem, a
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new individual survival operator was developed to keep always new candidates in the
population.

At each generation, new random individuals are generated to replace the x% worst
individuals. Moreover, the individuals with an error rate greater than 1/nclasses are also
replaced.

Tests with 3 levels for x were performed. When the value of x was 0%, the response in
200 generations had an average error of 19.01%, when x = 10% the final classifier had
16.34% and when x = 20% the answer had error 18.11%. The individual replacement
value was then adjusted to x = 10%.

3.4 Legitimacy

In the initial generations, where all the individuals are still very random, not many com-
parisons are needed to perceive that some are better than the others. In most cases, with
the employment of classifiers in less than 10 samples it is possible to define clearly how
some PDT are better than the others. The same does not apply after many generations,
when most solutions classify the samples with a low error rate. Having this in mind,
and the high cost of evaluating solutions, which may take as much as 10 seconds per
generation, we propose an approach to reduce the time spent to evaluate solutions in the
first generations.

The key idea is that initial solutions do not need to be evaluated with the same legiti-
macy as the solutions in the last generations, where a more refined analysis is necessary
to distinguish good solutions. The value l defines the legitimacy utilized in the evalua-
tion of individuals. At a generation with legitimacy l, only l samples are tested in the
evaluation of each solution.

The initial value of this parameter was defined as twice as the number of attributes of
each samples. After each generation, the value l is updated accordingly to the equation
l = �min(N, l ∗α)� where N is the number of available samples for test and α is the
rate of increase of the legitimacy for each generation.

The parameter α was defined as 1+ δ/σ , where δ is the speed of legimitization,
defined as 10−2, and σ is the standard deviation of the objective function value of the
solutions. Thus, when the solutions are still very diverse, the parameter α is smaller.

Some individuals can occasionally have an objective function value smaller than it
is due in cases where the legitimization is low. For this reason, whenever the objective
function value is calculated, the legitimacy value used to obtain the objective function
value is also stored. Thus, if the individual is not replaced by a new one after t genera-
tions and the legitimacy value has already increased, the individual is reevaluated with
the new legitimacy value l. The value of t was defined as 10.

In Figure 1, we have the relation between execution time and those legitimacy values.
In this plot, the dashed line represents the legitimacy l divided by N and the continuous
line represents the best objective function value found so far in a given generation. The
time spent by each generation is directly linked to the legitimacy of that generation. We
can perceive the direct relation between the evaluation legitimacy and the time spent
per generation by comparing the graphs.
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Fig. 1. Relation between evaluation legitimacy, objective function and time

The best objective function value known also varies much before the legitimacy value
reaches its maximum value. That happens because some solutions can obtain good ob-
jective function values which are not so appropriate and this is corrected only after t
generations. After full legitimacy has been reached, there is no other referential to eval-
uate the individuals because all the database is already being used. Therefore the best
objective function value will only decrease after this.

4 Results

In computational tests, the average time for executing a DE with 200 generations for
a joint database with all the samples was 17 minutes. Having the number of factors
in mind, we performed 3 experiments in each of the 3 databases. That was defined as
experiment 1, where the number of generations is 200.

In Table 2 we have the results of the tests with 200 generations. In the Table, we
have the average time spent, the average and minimum error obtained for the training
set, and the average and minimum error obtained for the validation set.

The algorithm is using the replacement operator and it does not present final con-
vergence after 200 iterations. For this reason, in order to have a reference in relation
to the capacities of the algorithm in a real situation of search for a good classifier, we
performed a second experiment. In this new test, we performed 15 independent exe-
cutions of the algorithm for each database with 2000 generations. Thus, we have an
idea of the capabilities of the algorithm with more generations. This test was defined as
experiment 2.
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Table 2. Results of tests with 200 generations

Database Time (s) Training Minimum Validation Minimum
Error Error Error Error

DB1 59 1,85% 0% 20,83% 6,25%
DB2 224 26,13% 25,31% 38,57% 34,29%
DB3 218 11,46% 8,92% 17,91% 14,93%

Table 3 shows the results of this test. The figures show the minimum, average and
maximum error of the 15 executions in the validation set. For comparison, we also
present the error in the validation set of other well known classifiers, such as: J48 [18],
BFTree [21], RandomTree [12], IB1 [1], MLPs [19] and Naive Bayes [25]. The results
of these methods were obtained from the use of the Weka Framework1 [12]. A Kruskal-
Wallis significance test was performed on the results and no significant difference (p <
0.05) was found. Thus, it can be observed that the results achieved by the proposed
approach were competitive, in addition, looking through the best results of the method
(Min.) its potential in generating good classifiers could be verified.

Table 3. Results of the test with 2000 generations

Database PDT PDT PDT j48 BFTree RandTree NaiveBayes IB1 MLP
Min. Avg. Max.

DB1 0% 13.33% 31.25% 31.25% 18.75% 25% 25% 6.25% 18.75%
DB2 22.86% 34.29% 40% 22.39% 23.88% 23.88% 41.79% 26.86% 35.82%
DB3 11.94% 19.60% 28% 18.57% 18.57% 21.42% 24.28% 24.28% 21.42%

5 Discussion

Some works have been done to diagnose failure in transformers including Artificial
Neural Networks [26], Neural Networks with expert systems [24], decision trees [8]
and genetic algorithms with niches [16].

In other databases for the same problem, Pereira and Vasconcelos [16] obtain a right
classification rate of 91%, comparable to many cases of this algorithm. In a profound
analysis of the problem, he defines many important criteria for classification. In his
work, an approach based in niches leads to different solutions that value correct classi-
fication in each of the classes.

A deeper study with benchmark databases is needed to have more general con-
clusions on the behavior of the proposed algorithm. Although other works have used
other databases, if we assume similar complexity of the data to be classified, the results
obtained in this work are satisfactory.

1 Available in http://www.cs.waikato.ac.nz/ml/weka/

http://www.cs.waikato.ac.nz/ml/weka/
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Castanheira [8] presents also good results for the problem with the use of neural
networks and decision trees, having the last ones obtained better results. The modeling
of the problem through PDT have the capacity to classify data in many situations and
it has clear advantages in relation to classification power when compared to simple
decision trees. The properties of the PDT with DE still need to be deeply studied such
that better results can be obtained.

Despite the classification power of PDT, the computational time spent with the op-
erators in the case of a large tree grows exponentially and therefore it must be carefully
adjusted.

6 Conclusion and Future Work

The halting criterion of 200 generations was decided in regard to the computational
time used for each experiment, with the intention that many tests should be possible.
However, it is likely that a greater number of generations is more suitable for the algo-
rithm to have time to converge almost completely. When the tests were performed with
2000 generations, the validation error of the algorithm kept falling for the databases,
indicating that the algorithm was not yet presenting overfitting problems. Recognizing
the number of generations needed for the validation error to begin to rise is important
because from this point on, new classifiers that model only noise of the training set are
being generated.

The algorithm certainly is suitable for solving the problem. Nevertheless, for a com-
parison with the algorithms in the literature, it would be important to have an analysis
with other benchmark databases.

All the parameters of the algorithm were adjusted separately, considering that there
are no interaction between the factors. Of course, this adjustment has led to a condi-
tion of execution of the algorithm which is better than the initial one. However, before
implementing new features in the algorithm, it would be important to adjust the param-
eters with factorial experiments where it is possible to better understand the interaction
between the parameters. As each iteration takes much time, this experiment would have
to be very well planned.

In the evolution of the classifiers, only the training error was used. In spite of the fact
that we can not use the validation set throughout the evolution, a strategy of objective
function that maximizes the separation margin of the data can be used to broaden the
capacity of generalization of the classifiers, alike the way Support Vector Machines
work [2,10]. A boosting strategy can be applied to increase the margin by including a
rise in the probability of classifying the most difficult samples [20,13].

Another important issue in the definition of the objective function is to define the
costs involved in the process. A low error rate may not simply represent good solutions
for practical applications because they do not represent the specific errors of each class
and the most important: the cost involved in each sort of error.

In any of the problems mentions here, however, the approach based on DE and PDT
has been shown to be useful for the solution of the problem.
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Abstract. This paper proposes the use of a Memetic Multiobjective Evolution-
ary Algorithm (MOEA) based on Pareto dominance to solve two ordinal classi-
fication problems in predictive microbiology. Ordinal classification problems are
those ones where there is order between the classes because of the nature of the
problem. Ordinal classification algorithms may take advantage of this situation to
improve its classification. To guide the MOEA, two non-cooperative metrics have
been used for ordinal classification: the Average of the Mean Absolute Error, and
the Maximum Mean Absolute Error of all the classes. The MOEA uses an ordinal
regression model with Artificial Neural Networks to classify the growth classes
of microorganisms such as Listeria monocytogenes and Staphylococcus aureus.

1 Introduction

Knowing how different food product properties, environments and their history can in-
fluence the micro-flora developed when food is stored is an important first step towards
forecasting its commercial shelf-life, alterations and safety. In order to be able to predict
microbial behavior in each new situation and estimate its consequences with respect to
the safety and quality of food, there has to be an exact definition of the food environ-
ment and how it will influence microbial growth and survival. The need to learn more
about microbial behavior in limiting conditions that prevent growth could be met by
using mathematical models. Binary logistic regression has frequently been applied to
determine the probability of growth under a given set of conditions. However, microbial
responses in limiting environmental conditions (i.e. low pH, temperature, water activ-
ity, etc.) are subject to several variable sources, often not experimentally controlled.
This can result in biased growth/no growth estimations when the probability of growth
approaches 0.5 [9].

One of the first published works related to the development of multiclassification
models showed a high degree of accuracy when estimating growth/no growth bound-
aries of S. aureus [11]. However, although this paper provided a categorical classifi-
cation into three classes, by adding new information about the probability of growth

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 153–162.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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associated to stringent conditions, growth/no growth models can provide alternative
and more accurate estimations.

For this reason, this paper addresses growth/no growth models from the perspective
of ordinal classification into four classes. A classification problem occurs when an ob-
ject needs to be assigned to a predefined group or class based on a number of observed
attributes related to that object. Ordinal classification is the problem where the vari-
able to be predicted is not of a numeric or nominal type but is instead ordinal, so that
the categories have a logical order. In our case, the predictive microbiology problem
to be solved has clearly ordinal behavior (see Section 3). Artificial Neural Networks
(ANNs) [1] have been an important tool for classification since recent research activi-
ties identified them as a promising alternative to traditional classification methods such
as logistic regression. On the other hand, Evolutionary Algorithms (EAs) [16] are global
search heuristics and one of the main alternatives to local search algorithms for training
ANNs. Obtaining ANN models using EAs is known as Evolutionary Artificial Neural
Networks [16]. These methodologies maintain a population of ANNs that are subject
to a series of transformations in the evolutionary process so as to obtain acceptable
solutions to the problem.

Often a great number of objectives must be processed to obtain a viable solution
to a problem, usually without any a priori knowledge of how the objectives interact
with each other. This is known as a Multiobjective Optimization Problem, and the most
popular methods are based on Pareto dominance. The training of ANNs by evolution-
ary Pareto-based algorithms is known as Multiobjective Evolutionary Artificial Neural
Networks, and has been in use for the last few years in the resolving classification tasks
[13]. Hybridization of intelligent techniques, coming from different computational in-
telligence areas, is a common solution, because of the growing awareness that such
combinations frequently perform better than the individual techniques coming from
computational intelligence [6].

This study deals with learning and the improvement in the generalization of classi-
fiers designed using a MOEA with ANNs to determine growth limits in two important
microorganisms in predictive microbiology, Listeria monocytogenes and Staphylococ-
cus aureus.

The rest of the paper is organized as follows. Section 2 covers background materials,
explaining the classification model used, the MOEA and the ordinal metrics used for
guiding the MOEA. Section 3 presents the L. monocytogenes and S. aureus microorgan-
isms. Section 4 shows the experimental design and results and finally Section 5 shows
the conclusions obtained.

2 Background

2.1 Ordinal Model

The big problem in ordinal classification is that there is no notion of the precise distance
between classes. The samples are labeled by a set of ranks with different categories
given an order. Nominal classification algorithms can also be applied to prediction prob-
lems involving ordinal information but obviating the order of the classes. However, this
process loses information that could improve the predictive ability of the classifier.
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Although there are some other approaches for ordinal regression [14] (mainly based
on reducing the problem to binary classification, or simplifying it to regression or
cost-sensitive classification), the majority of proposals can be grouped under the term
threshold methods. These methods are based on the idea that, in order to model ordinal
ranking problems from a regression perspective, one can assume that some underlying
real-valued outcomes exist, although they are unobservable. Consequently, two differ-
ent things are estimated:

• A function f (x) that predicts the real-valued outcomes and tries to discover the
nature of the assumed underlying outcome.

• A threshold vector b ∈ R
J−1 to represent the intervals in the range of f (x), where

b1 ≤ b2 ≤ . . .≤ bQ−1 (possible different scales around different ranks).

We propose an adaption of the classical Proportional Odd Model (POM) model [18] for
ANNs. Since we are using the POM model and ANNs, our proposal does not assure
monotonicity. The POM model works based on two elements: the first one is a linear
layer with only one node (see Fig. 1) whose inputs are the non-linear transformations
of a first hidden layer. The task of this node is to stamp the values into a line, to give
them an order, which facilitates ordinal classification. After this one node linear layer,
an output layer is included with one bias for each class whose objective is to classify
the patterns into their corresponding class. This classification structure corresponds to
the POM model, which, like the majority of existing ordinal regression models, can be
represented in the following general form:

C(x) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

c1, if f (x,θ)≤ β 1
0

c2, if β 1
0 < f (x,θ)≤ β 2

0

· · ·
cJ , if f (x,θ)> β J−1

0

, (1)

where β 1
0 < β 2

0 < · · ·< β J−1
0 (this will be the most important constraint in order to adapt

the nominal classification model to ordinal classification), J is the number of classes, x
is the input pattern to be classified, f (x,θ) is a ranking function and θ is the vector of
parameters of the model. Indeed, the analysis of (1) reveals the general idea previously
presented: patterns, x, are projected to a real line by using the ranking function, f (x,θ),
and the biases or thresholds, β i

0, separating the ordered classes, where β 0
0 = −∞ and

β J
0 = ∞.

The standard POM model approximates f (x,θ) by a simple linear combination of
the input variables, while our model considers a non-linear basis transformation of
the inputs. Let us formally define the model for each class as fl(x,θ,β l

0) = f (x,θ)−
β l

0; 1 ≤ l ≤ J, where the projection function f (x,θ) is estimated with the following S

sigmoidal basis functions f (x,θ) = β0 +
S

∑
j=1

β jB j(x,w j), replacing B j(x,w j) by sig-

moidal basis functions:

B j(x,w j) =
1

1+ exp
(
−
(
∑k

i=1 wjixi
)) .
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Fig. 1. Proposed sigmoidal model for ordinal regression

By using the POM model, this projection can be used to obtain cumulative probabil-
ities, cumulative odds and cumulative logits of ordinal regression in the following way
[18]:

P(Y ≤ l) = P(Y = 1)+ · · ·+P(Y = l),

odds(Y ≤ l) =
P(Y ≤ l)

1−P(Y ≤ l)
,

logit(Y ≤ l) = ln

(
P(Y ≤ l)

1−P(Y ≤ l)

)
= f (x,θ)−β l

0 ≡ f1(x,θ,β 1
0 ),

P(Y ≤ l) =
1

1+ exp( f (x,θ)−β l
0)

≡ 1

1+ exp( fl(x,θ,β l
0))

; 1 ≤ l ≤ J,

where P(Y = j) is the probability a pattern x has of belonging to class j, P(Y ≤ l) is
the probability a pattern x has of belonging to class 1 to l and the logit is modeled by
using the ranking function, f (x,θ), and the corresponding bias, β l

0. We can come back
to P(Y = l) from P(Y ≤ l):

P(Y = l) = gl(x,θ,β) = P(Y ≤ l)−P(Y ≤ l− 1), l = 1, . . . ,J,
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and the final model can be expressed as:

gl(x,θ,β) =
1

1+ exp( fl(x,θ,β l
0))

− 1

1+ exp( fl−1(x,θ,β l−1
0 ))

, l = 1, . . . ,J.

2.2 Metrics and Methodology

There are many ordinal measures to determine the efficiency of a g classifier, but not
all pairs formed by these metrics are valid to guide a MOEA. To guide the learning of
our MOEA for designing ANN models to determine the growth limits of microorgan-
isms in predictive microbiology, the two metrics used are the Average Mean Absolute
Error (AMAE) and the Maximum Mean Absolute Error (MMAE). These metrics are
explained in detail in [7]. In general, these two ordinal measures are non-cooperative
[7]: when the value of one of them increases the value of the other decreases. Thus the
use of a MOEA based on Pareto dominance is justified.

The MOEA used in this work is called MPENSGA2 (Memetic Pareto Evolutionary
NSGA2). This algorithm is based on the original algorithm NSGA2, and is described
in detail in [10]. The framework of the MPENSGA2 is shown in Fig. 2, and the main
differences with respect to [10] are:

• The metrics for guiding the algorithm are AMAE and MMAE .
• The delete links mutator and the parametric mutator have been modified to take

into account the constraints of the ordinal model POM, β i
0 bias.

• The local search algorithm, iRprop+ is used in all generations, not only in three
generations of the evolutionary process. This is because the datasets used in this
work have a relatively small size, so that the computational cost does not increase
dramatically. The function with respect to which the local search is made is the
cross-entropy function, as well as MMAE and AMAE , which are not derivable.
Since patterns, according to the ordinal model, are projected onto a straight line, an
improvement in entropy is an improvement in AMAE and the MMAE metrics.
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Fig. 2. Framework of the MPENSGA2 Algorithm
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3 Description Problem

In this paper, four observed microbial responses are obtained based on the growth prob-
ability of a microorganism: p = 1 (growth); 0.5 ≤ p < 1 (high growth probability);
0 < p < 0.5 (low growth probability); and p = 0 (no-growth). These four observed mi-
crobial responses were used in [8]. There is an intrinsic ranking of the different classes,
so this paper tackles the problem of microbial growth from an ordinal point of view.
This paper addresses the following two microbiological problems:

Listeria monocytogenes have been a serious problem for food industries due to their
ubiquity in the natural environment and the specific growth conditions of the pathogen
that lead to its high prevalence in different kinds of food products. One impetus for this
research has been the problem of listeriosis, and different strategies have been proposed
to limit the levels of contamination at the time of consumption to less than 100 CFU/g
(European Commission [5]). L. monocytogenes data were gathered at 7oC in Nutrient
Broth with different combinations of environmental factors pH (5.0–6.0, six levels at
regular intervals), water activity (0.960–0.990, six levels) and acetic acid concentration
(0–0.4% (w/w), three levels), as can be seen in [20]. Thus, 108 different conditions were
tested with 20 replicates per condition.

Staphylococcus aureus has been recognized as an indicator of deficient food and
processing hygiene and is a major cause of food gastroenteritis worldwide [19]. A frac-
tional factorial design was followed in order to ascertain the growth limits of S. aureus
[19] by carefully choosing a subset (fraction) of the experimental runs of a full factorial
design in order to reduce experimental time and resources. The selection was based on
restricting the levels of the environmental factors studied for the growth/no-growth do-
main of S. aureus. Since no growth was detected at 7.5oC or below, data were collected
at 8o, 10o, 13o, 16oand 19oC, at pH levels from 4.5 to 7.5 (0.5 intervals) and at 19aw

levels (from 0.856 to 0.999 at regular intervals). In this study, there are 30 replicates per
condition, more than other studies obtaining the growth/no-growth transition.

Table 1. Features of the datasets

Dataset #Training #Generalisation #Patterns per #Patterns per class
patterns patterns class in training in generalisation

L. monocytogenes 72 36 (29-10-10-23) (15-3-6-12)
L. monocytogenes (SMOTE) 92 36 (29-20-20-23) (15-3-6-12)
S. aureus 146 141 (60-22-7-57) (57-23-5-56)
S. aureus (SMOTE) 167 141 (60-22-28-57) (57-23-5-56)

4 Experiments

4.1 Experimental Design

A fractional factorial design matrix form was used in this study (in [20] the fractional
factorial design for L. monocytogenes is presented and in [19], for S. aureus). This type
of experimental design is common in predictive microbiology. These designs consider
values close to the frontiers to train, and central values to generalize.
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Table 1 shows the characteristics of the original datasets, where their unbalanced na-
ture can be appreciated. In order to deal with this unbalanced nature, a pre-processing
method has been applied to each dataset. The method applied is the well-known
Synthetic Minority Over-sampling Technique algorithm (SMOTE) [2]. This method
is applied twice to the minority class in such a way that each application of SMOTE
duplicates its number of patterns. The synthetic generated patterns are only used to train
the model, not to test it, as they cannot be considered real data. These synthetic patterns
were generated using information from the five nearest neighbors. This method has been
configured and run using WEKA software [15]. The final distribution of the datasets af-
ter applying this pre-processing can be seen in Table 1. This study only presents the
results obtained after applying the SMOTE procedure.

Once the Pareto front is built into the last generation of training, two selection strate-
gies are used to choose the individuals. The first strategy selects the best model in
AMAE , which is the upper individual from the Pareto front. This selection method is
called MPENSGA2-A. The second strategy selects the best model in MMAE , which
is the bottom individual from the Pareto front. This selection method is called
MPENSGA2-M. Because the MPENSGA2 algorithm is stochastic, the algorithm was
run 30 times and the mean and standard deviation was obtained from the 30 individuals
for the upper and lowest extremes.

In all experiments, the population size for the MPENSGA2 algorithm is established
at 100. The probability of choosing a type of mutator and applying it to an individual
is equal to 1/5. For the iRprop+ algorithm, the number of epochs is established at 20.
The other configured parameters are η+ = 1.2, η− = 0.5, Δ0 = 0.0125, Δmin = 0 and
Δmax = 50, based on previous works.

4.2 Comparison Methods

For comparison purposes, different nominal and ordinal classification methods from the
literature have been included in the experimentation.

The nominal classification methods are: MLogistic, SLogistic, MLP, C4.5 and Lib-
SVM. These methods have been configured and run using WEKA software [15].

The ordinal classification methods are: SVMRank [17], ASAOR(C4.5) [12], GPOR
[3], SVOR-EX and SVOR-IM [4]. These methods have been configured and run us-
ing the code provided by the authors. The corresponding hyper-parameters for these
methods were adjusted using a grid search with a 10-fold cross-validation.

4.3 Results

Table 2 shows the results obtained in generalization for the two pre-processed datasets.
For the MPENSGA2 method, the results presented correspond to mean values and stan-
dard deviation (meanSD) for the 30 extreme models of the Pareto fronts generated in 30
runs (one Pareto front for each run). In addition, the best models obtained in each of the
Pareto front extremes are presented in order to make comparisons with other methods.
The measures used for this comparison are: the Correctly Classified Rate, CCR; the
Mean Absolute Error, MAE; the Average MAE , AMAE; the Maximum MAE , MMAE;
and the Kendall’s τb. The CCR is the classic nominal metric to evaluate a classifier,
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Table 2. Statistical results in generalization for the pre-processing datasets

Dataset Method CCR MAE AMAE MMAE τb

L. monocytogenes

Mlogistic 0.750 0.250 0.279 0.333 0.844
Slogistic 0.750 0.305 0.454 0.833 0.817

MLP 0.722 0.277 0.233 0.333 0.845
C4.5 0.805 0.222 0.195 0.333 0.862

LibSVM 0.833 0.166 0.287 0.666 0.892
SVMRank 0.805 0.194 0.175 0.333 0.884

ASAOR(C4.5) 0.750 0.277 0.300 0.333 0.823
GPOR 0.750 0.250 0.279 0.333 0.874

SVOR-EX 0.750 0.250 0.191 0.333 0.871
SVOR-IM 0.861 0.166 0.141 0.333 0.883

Best MPENSGA2-A 0.916 0.111 0.079 0.250 0.920
Best MPENSGA2-M 0.888 0.111 0.100 0.166 0.922

MPENSGA2-A 0.8370.037 0.1680.037 0.1610.048 0.3020.070 0.8950.021
MPENSGA2-M 0.8390.038 0.1650.038 0.1590.049 0.2970.074 0.8960.022

S. aureus

Mlogistic 0.687 0.475 0.750 1.217 0.718
Slogistic 0.673 0.553 0.766 1.304 0.656

MLP 0.773 0.340 0.646 1.200 0.794
C4.5 0.716 0.496 0.732 1.400 0.649

LibSVM 0.758 0.347 0.476 0.800 0.781
SVMRank 0.695 0.347 0.450 0.652 0.794

ASAOR(C4.5) 0.702 0.390 0.497 0.800 0.760
GPOR 0.581 0.929 1.137 1.600 0.382

SVOR-EX 0.680 0.361 0.459 0.652 0.791
SVOR-IM 0.723 0.319 0.419 0.600 0.806

Best MPENSGA2-A 0.764 0.319 0.426 0.571 0.802
Best MPENSGA2-M 0.652 0.425 0.500 0.414 0.745

MPENSGA2-A 0.6950.053 0.3660.054 0.4860.048 0.8490.138 0.7830.029

MPENSGA2-M 0.5540.073 0.5180.083 0.5190.092 0.6410.117 0.7220.043

The best result is in bold face and the second best result in italics.

the MAE , AMAE and MMAE are ordinal metrics that depend on the distance between
the ranking of two consecutive classes, and the τb measure is another ordinal metric
independent on the values chosen for the ranks representing the classes.

The best models are generated by the MPENSGA2-A method, this method obtaining
the best results in all metrics. Thus, we propose the MPENSGA2 algorithm to solve the
two problems of predictive microbiology, specifically the upper best model of the Pareto
front, which maximizes the value of AMAE .

EAs, and more specifically the MOEA, are computationally expensive especially
when compared to local search algorithms, but the evolution of architectures en-
ables ANNs to adapt their topologies to the different datasets without human in-
tervention. This thus provides an approach to automatic ANN design as both ANN
connection weights and structures can be evolved [21]. It is clear that the different
non-evolutionary methods considered in this study demand a lower computational cost
than the MPENSGA2 algorithm. However, the obtained models benefit clearly from
the optimized structure learned by the EA, which allows achieve better results in
generalization.
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5 Conclusions

The proposed models for obtaining ordinal classification by using a generalized POM
model with sigmoidal basis functions present competitive results with respect to other
nominal and ordinal classifiers considering the five metrics used.

This modeling approach can provide a new insight for the predictive microbiology
field, since it could directly determine, and with a high confidence level, if a pathogenic
or spoilage microorganism could flourish. For stakeholders, the application of this kind
of tools could be very useful in order to set microbiological criteria or to determine
microbial shelf life under a given set of conditions. Implementation of risk manage-
ment measures in food industries based on qualitative approaches (i.e. a combination of
factors which limit microbial growth to below 0.01 or which fall into the “low growth
probability” class) will suppose a breakthrough in guaranteeing microbial food safety.
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16. Kordı́k, P., Koutnı́k, J., Drchal, J., Kovárik, O., Cepek, M., Snorek, M.: Meta-learning ap-
proach to neural network optimization. Neural Networks 23, 568–582 (2010)

17. Li, L., Lin, H.T.: Ordinal regression by extended binary classification. Advances in Neural
Information Processing Systems 19, 865–872 (2007)

18. McCullagh, P.: Regression models for ordinal data. Journal of the Royal Statistical Society,
Series B (Methodological) 42(2), 109–142 (1980)
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Abstract. This multidisciplinary study presents the application of two
well known soft computing methods – flexible neural trees, and evolu-
tionary fuzzy rules – for the prediction of the error parameter between
real dental milling time and forecast given by the dental milling machine.
In this study a real data set obtained by a dynamic machining center
with five axes simultaneously is analyzed to empirically test the novel
system in order to optimize the time error.

Keywords: soft computing, dental milling, prediction, evolutionary
algorithms, flexible neural trees, fuzzy rules, industrial applications.

1 Introduction

Accurate scheduling and planning becomes increasingly important part of mod-
ern industrial processes. To optimize the manufacturing of products and schedule
the utilization of devices, the product manufacturing time has to be known in
advance. However, the predictions given by traditional methods and tools are of-
ten less accurate. Precise prediction of product manufacturing time is important
for industrial production planning in order to meet, industrial, technological,
and economical objectives [2,16]. One of the main goals of a production pro-
cess is to deliver products on time and utilize the resources at maximum during
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production cycles. The production time estimate provided either by production
models (i.e. by auxiliary software) or human experts are often less accurate than
desirable [2]. Soft computing techniques can be used for flexible and detailed
modelling of production processes [5]. The area of soft computing represents a
set of various technologies involving non-linear dynamics, computational intel-
ligence, ideas drawn from physics, physicology and several other computational
frameworks. It investigates, simulates and analyzes very complex issues and phe-
nomena in order to solve real-world problems: such as the failures detection in
dental milling process, which requires a multidisciplinary approach [13].

In this study, a real data set obtained by a dynamic machining center with
five axes simultaneously is analyzed by means of two soft computing techniques
to empirically test the system in order to optimize the time error. The rest of
this paper is organized as follows. Section 2 and section 3 present the back-
ground on the methods used to predict dental time-error. Section 4 introduces
the experimental application and in section 5 conclusions are drawn .

2 Flexible Neural Tree

Flexible neural tree (FNT) [3] is a hierarchical neural network, which is automat-
ically created in order to solve given problem. Its structure is usually determined
using some adaptive mechanism and it is intended to adapt to the problem and
data under investigation [11,10,4]. Due to this property of the FNTs, it is not nec-
essary to setup some generic static network structure not related to the problem
domain beforehand.

A general and enhanced FNT model can be used for problem solving. Based
on the predefined instruction/operator sets, a FNT model can be created and
evolved. In this approach, over-layer connections, different activation functions
for different nodes and input variables selection are allowed. The hierarchical
structure could be evolved by using genetic programming. The fine tuning of the
parameters encoded in the structure could be accomplished by using parameter
optimization algorithms. The FNT evolution used in this study combines both
approaches. Starting with random structures and corresponding parameters, it
first tries to improve the structure and then as soon as an improved structure
is found, it fine tunes its parameters. It then goes back to improving the struc-
ture again and, provided it finds a better structure, it again fine tunes the rules’
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Fig. 1. A flexible neuron operator (instructor)
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parameters. This loop continues until a satisfactory solution is found or a time
limit is reached. A tree-structural based encoding method with specific instruc-
tion set is selected for representing a FNT model in this research. The reason
for choosing the representation is that the tree can be created and evolved us-
ing the existing or modified tree-structure-based approaches. The function set F
and terminal instruction set T that can be used to build a FNT model can be
described as follows:

S = F ∪ T = {+2, +3, . . . , +N} ∪ {x1, x2, . . . , xn} (1)

where +i (i = 2, 3, . . . , N) denote non-leaf nodes’ instructions and taking i argu-
ments. Input variables x1, x2, . . . , xn are leaf nodes’ instructions and taking no
argument each. The output of a non-leaf node is calculated as a flexible neuron
model. From this point of view, the instruction +i is also called a flexible neuron
operator (instructor) with i inputs. A schematic view of the flexible neuron in-
structor is shown in fig. 1. In the creation process of neural tree, if a non-terminal
instruction, i.e., +i is selected, i real values are randomly generated and used for
representing the connection strength between the node +i and its children. In
addition, two adjustable parameters ai and bi are randomly created as flexible
activation function parameters. Activation function can vary according to given
task. In this work we use following classical Gaussian activation function:

f(ai, bi, x) = e
−(

x−ai
bi

)2 (2)

The output of a flexible neuron +n can be calculated as follows. The total exci-
tation of the +n is

netn =
n∑

j=1

wj × xj (3)

where xj (j = 1, 2, . . . , n) are the inputs to node +n. The output of the node
+n is then calculated by

outn = f(an, bn, netn) = e−( netn−an
bn

)2 (4)

A typical evolved flexible neural tree model is shown in fig. 2. The overall output
of a flexible neural tree can be computed from left to right by depth-first method,
recursively.

The fitness function maps the FNT to a scalar, real-valued fitness values that
reflect the FNT’s performances on a given task. Firstly the fitness functions
should be seen as error measures, i.e. mean square error (MSE) or root mean
square error (RMSE). A secondary non-user-defined objective for which algo-
rithm always optimizes FNTs is FNT size as measured by number of nodes.
Among FNTs with equal fitness smaller ones are always preferred. MSE and
RMSE are given by:

MSE(i) =
1
P

P∑
j=1

(yj
1 − yj

2)
2, RMSE(i) =

√
MSE(i) (5)
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Fig. 2. A typical representation of neural tree with function instruction set F =
{+2, +3, +4, +5, +6}, and terminal instruction set T = {x1, x2, x3}

where P is the total number of samples, yj
1 and yj

2 are the actual time-series
and the FNT model output of j-th sample. MSE(i) and RMSE(i) denotes the
fitness value of i-th individual.

Finding an optimal or near-optimal flexible neural tree can be accomplished by
various evolutionary and bio-inspired algorithms [11,10,4]. The general learning
procedure for constructing the FNT model can be described in high level as
follows [3]:

1. Set the initial values of parameters used in the GA algorithms. Set the elitist
program as NULL and its fitness value as a biggest positive real number of
the computer at hand. Create a random initial population (flexible neural
trees and their corresponding parameters)

2. Structure optimization by genetic algorithm, in which the fitness function is
calculated by MSE or RMSE

3. If a better structure is found and no better structure is found for certain
number of generations, then go to step (4), otherwise go to step (2)

4. Parameter optimization by genetic algorithms. In this stage, the tree struc-
ture or architecture of flexible neural tree model is fixed, and it is the best
tree taken from the sorted population of trees. All of the parameters used in
the best tree formulated a parameter vector to be optimized by local search

5. If the maximum number of local search is reached, or no better parameter
vector is found for a significantly long time then go to step (6); otherwise go
to step (4);

6. If satisfactory solution is found, then the algorithm is stopped; otherwise go
to step (2).

Evolutionary methods [1] are in this study used for FNT structure optimization
as well as for activation function parameters and tree nodes weights optimization.
The selection, crossover and mutation operators used are the same as those of
standard genetic programming [1]. A genetic algorithm starts with selection of
two parents from current population. The product of crossover operator can be
one or more offspring - two in this study. The mutation of offspring is performed
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at the last step of genetic algorithm. After these three steps we have new offspring
which is placed into a newly created population. The process is repeated until
desired new population is built. As soon as the new population is built, the new
population is evaluated and sorted according to the fitness function.

Selection is in the FNT evolution implemented using the weighted roulette
wheel algorithm and the tree structure crossover is implemented as an exchange
of randomly selected subtrees of parent chromosomes. The crossover of node
weights and activation function parameters is done in a similar way as in previous
studies applying genetic algorithms to neural network training [6]. A variety of
FNT mutation types were used:

1. Changing one terminal node: randomly select one terminal node in the neural
tree and replace it with another terminal node.

2. Changing one function node: randomly select one function node and replace
it with a newly generated subtree.

3. Growing: select a random function node in hidden layer of the neural tree
and add newly generated subtree as a new child.

4. Pruning: randomly select a node in the neural tree and delete it in the case
the parent node has more than two child nodes.

The mutation of tree weights and activation function parameters is the same as
in the genetic algorithms for artificial neural networks [6].

3 Fuzzy Rules Evolved by Genetic Programming

Fuzzy rules (FR) [7,8,15] inspired by the area of fuzzy information retrieval
(IR) [9] and evolved by genetic programming have been shown to achieve inter-
esting results in the area of data mining and pattern analysis.

The fuzzy rules use similar data structures, basic concepts, and operations
as the fuzzy information retrieval but they can be used for the analysis (i.e.
classification, prediction) of general data. A fuzzy rule has the form of a weighted
symbolic expression roughly corresponding to an extended Boolean query in the
fuzzy IR analogy. The rule consists of weighted feature (attribute) names and
weighted aggregation operators. The evaluation of such an expression assigns
a real value from the range [0, 1] to each data record. Such a valuation can be
interpreted as an ordering or a fuzzy set over the data records. The fuzzy rule is a
symbolic expression that can be parsed into a tree structure. The tree structure
consists of nodes and leaves (i.e. terminal nodes). An example of fuzzy rule is
give below:

feature1:0.5 and:0.4 (feature2[1]:0.3 or:0.1 ([1]:0.1 and:0.2 [2]:0.3))

In the fuzzy rule syntax can be seen three types of nodes: the feature node is
defined by feature name and its weight (feature1:0.5 ) and represents a require-
ment on current value of a feature, past feature node is defined by feature name,
index of previous record, and weight (feature2[1]:0.3 ) and it is requirement on
previous value of a feature. Finally, the past output node is defined by the index
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of previous output and weight ([1]:0.5 ) and represents a requirement on previous
value of the predicted output variable. Clearly, such a fuzzy rule can be used for
the analysis of both, data sets consisting of independent records and time series.

The fuzzy rules are evaluated using the formulas and equations from the area
of fuzzy IR and fuzzy sets (see e.g. [7,8,15]). The terminal node weights are
interpreted as threshold for data feature values and operator nodes are mapped
to fuzzy set operators. The fuzzy rule predicting certain value for a given data
set is found using standard genetic programming that evolves a population of
tree representations of the rules in a supervised manner. The whole procedure is
very similar to the evolution of the FNT structure described in section 2 but it
differs in the choice of the fitness function which is taken from the area of fuzzy
IR. The correctness of search results in IR can be evaluated using the measures
precision P and recall R. Precision corresponds to the probability of retrieved
document to be relevant and recall can be seen as the probability of retrieving a
relevant document. Precision and recall in the extended Boolean IR model can
be defined using the Σ−count ‖A‖ [19]:

ρ(X |Y ) =

{‖X∩Y ‖
‖Y ‖ ‖Y ‖ �= 0

1 ‖Y ‖ = 0
, P = ρ(REL|RET ), R = ρ(RET |REL) (6)

where REL stands for the fuzzy set of all relevant documents, RET for the
fuzzy set of all retrieved documents, and ‖A‖ is the Σ−count, i.e. the sum of
the values of characteristic function μA for all members of the fuzzy set ‖A‖ =∑

x∈A μA(x) [19]. The F-score F is among the most used scalar combinations of
P and R:

F =
(1 + β2)PR

β2P + R
(7)

For the evolution of fuzzy rules [7,8,15] we map the prediction given for training
data set by the fuzzy rule to RET and the desired values to REL. F corresponds
to the similarity of two fuzzy sets and a fuzzy rule with high F provides good
approximation of the output value.

4 Dental Miling Time-Error Prediction in Industry

FNTs and FRs were used for the estimation of the time-error parameter in a real
dental milling process. The data was gathered by means of a Machining Milling
Center of HERMLE type-C 20 U (iTNC 530), with swivelling rotary (280 mm),
with a control system using high precision drills and bits.

The models were trained using an initial data set of 98 samples obtained by
the dental scanner in the manufacturing of dental pieces with different tool types
(plane, toric, spherical and drill). The data set contained records consisting of
8 input variables (Tool, Radius, Revolutions, Feed rate X, Y and Z, Thickness,
Initial Temperature) and 1 output variable (Time Error for manufacturing) as
shown in table 1. Time error for manufacturing is the difference between the
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Table 1. Description of variables in the data set

Variable (Units) Range of values

Type of tool Plane, toric, spherical and drill
Radius (mm.) 0.25 to 1.5
Revolutions per minute (RPM) 7,500 to 38,000
Feed rate X (mm. by minute) 0 to 3,000
Feed rate Y (mm. by minute) 0 to 3,000
Feed rate Z (mm. by minute) 50 to 2,000
Thickness (mm.) 10 to 18
Temperature (◦C) 24.1 to 31
Real time of work (s) 6 to 1,794
Time errors for manufacturing (s) -28 to -255

time estimated by the machine itself and real production time. Negative values
indicate that real time exceeds estimated time. The goal of this study was to
evaluate the ability of evolutionary evolved FNTs and FRs to predict the dental
milling time-error from the data. The parameters used for the evolution of the
FNT and FR are shown in table 2. They were selected on the basis of initial
experiments and past experience with the methods.

Because the number of records in the data set was small, a 10-fold cross-
validation schema was selected. The final model is obtained using the full data
set. Next, several different indexes were used to validate the models [18,17] such
as the percentage representation of the estimated model, the loss (error) function
(V) and the generalization error value.

The percentage representation of the estimated model was calculated as the
normalised mean error for the prediction (FIT1, FIT) using the validation data
set and full data set respectively. The loss function V is the numeric value of
the MSE that was computed using the training data set, the generalisation error
value is the numeric value of the normalised sum of square errors (NSSE) that
was computed using the test data set [12,14].

The results of both methods are shown in table 3. The presented values are
averages after 10 independent runs for each of the 10 folds. Clearly, the FNT
method was significantly better than FRs which in turn delivered results similar
to those by the previously used soft computing methods [16]. Visual illustration
of the time-error prediction by FNT and FR for first fold is shown in fig. 3
and fig. 4 respectively. Note that both methods are stochastic and the results
may vary for independent runs.

FNT and FR have shown a good ability to learn the relations hidden in
the data as shown in fig. 3a and fig. 4a and indicated by high FIT and low
V in table 3 [16]. The good generalization ability of the methods is illustrated
in fig. 3b and fig. 4b and supported by low NSSE and high FIT1 in fig. 3b.
The results obtained by the FNT model are best-so-far for the dental milling
time-error parameter prediction.
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Table 2. FNT and FR evolution parameters

Method Parameters

FNT pop. size 100, crossover proba-
bility PC 0.8, mutation proba-
bility PM 0.2, limiting number
of 10 generations, fitness func-
tion RMSE, Gaussian activation
function with a, b, and weights
from the range [0, 1]

FR pop. size 100, crossover probabil-
ity PC 0.8, mutation probabil-
ity PM 0.2, limiting number of
1000 generations, no past feature
nodes and no past output nodes
allowed, fitness function F-Score
with β = 1

Table 3. Dental milling time-error pre-
diction indexes

Method FIT1[%] FIT[%] V NSSE

FNT 95.89 92.02 0.0041 0.0150
FR 86.80 86.75 0.0079 0.0888
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Fig. 3. Example of visual results of training and prediction by FNT (fold 1)
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Fig. 4. Example of visual results of training and prediction by FRs (fold 1)
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5 Conclusions

This study presents the comparison of some performance indexes of two well
known soft computing methods for the prediction of the dental milling time-
error parameter. Both soft computing models were trained on a real-world data
set describing the production of a dental milling machine and their ability to
adapt to the data was compared. To provide a good analysis of the performance
of the methods, a 10-fold cross-validation was performed. The results of the cross-
validation showed that the FNT managed to find models with significantly better
average accuracy in terms of FIT, FIT1, V , and NSSE. The FNTs will be further
studied as predictors of the dental milling time-error and other parameters such
as accuracy.
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Abstract. A modification of Self-organizing migration algorithm for general-
purpose computing on graphics processing units is proposed in this paper. The 
algorithm is implemented in C++ with its core parts in c-CUDA. Its implemen-
tation details and performance are evaluated and compared to previous, pure 
C++ version of algorithm. 6 commonly used artificial test functions are used to 
test the performance. The test results clearly show significant speed gains  
without a compromise in convergence quality. 

Keywords: SOMA, CUDA, GPGPU, evolutionary algorithm. 

1   Introduction 

Modern graphics cards (GPUs) are capable of much more than processing and 
displaying of visual data. Their multiprocessor architecture is suitable for parallel 
algorithms which can benefit from the SIMD architecture. GPUs have generally lower 
clock frequency than modern processors but rely on parallel execution of instructions 
over large blocks of data. 

Evolutionary algorithms (EAs) are in their very essence parallel processes and as 
such are suitable for implementation on such multiprocessor devices with little or no 
modifications to their functionality. First attempts on utilizing the processing power 
of GPUs for EAs were done before the release of general purpose computing APIs. 
Researchers had to modify algorithms to fit them into specialized GPU processing 
units – the shaders and data structures had to be translated into textures.  An example 
of this approach is the work of Wong , Wong and Fok who used GPU to increase the 
performance of genetic algorithm and reported speedup of up to 4.42 times [1, 2].  

With the emergence of general purpose computing frameworks for GPUs, like 
Compute Unified Device Architecture (CUDA), Open Computing Language 
(OpenCL) and DirectCompute, new possibilities have risen and general purpose 
computing on graphics processing units (GPGPUs) became available to a broader 
audience. 

A large number of evolutionary algorithms has been ported to GPUs, with CUDA 
being arguably the most common API used. Some of these algorithms include: 
genetic algorithm [3, 4], genetic programming [5], differential evolution [6], ant 
colony optimization [7] and particle swarm optimization [8, 9]. 
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Self-organizing migration algorithm (SOMA) was chosen for a subset of its 
characteristics which are not common in other EAs and make it suitable for parallel 
architecture with limited communication between processing units. 

The paper is divided as follows: first part describes SOMA, modifications and 
steps necessary for its implementation using CUDA. Next part describes methodology 
used in testing the algorithms performance followed by results of the tests and 
conclusion. 

2   Methods 

2.1   SOMA 

SOMA was first introduced by Zelinka [10]. It is modeled after behavior of intelligent 
individuals working cooperatively to achieve common goal, for example pack of 
animals working together to find food source. This behavior is mimicked by 
individuals moving towards another individual, known as the leader, which generally 
has the best fitness value. Efficiency and convergence ability of SOMA was proved in 
numerous applications [11, 12]. 

SOMA uses slightly different nomenclature in comparison to other evolutionary 
algorithms, one round of the algorithm is called migration. There is a set of three 
control parameters which control the algorithm’s behavior and significantly affect its 
performance: 
• PathLength ∈ [1; 5]: Specifies how far from the leader will the active individual 

stop its movement. 
• Step ∈ [0.11; PathLength]: Defines the size of discreet steps in solution space.  
• PRT ∈ [0; 1]: Perturbation controls creation of perturbation vectors which 

influence the movement of active individual.  

The movement of individuals through error space is altered by a random perturbation. 
In order to perturb movement of individuals, boolean vector PRTVector is generated 
according to equation: 

otherwise0

)1,0(randif1 j

=
<= PRTjPRTVector

                                        (1) 

where j = 0,1,..., Dimension-1. The PRTVector is generated before movement of 
active individual, and is generated for each individual separately. Value 0 in 
PRTVEctor means, that corresponding dimension of individual is locked – individual 
cannot change its value during this migration. If all elements of PRTVector are set to 
1, individual moves straight towards the leader. 

Creation of new individuals for next population is implemented using vector 
operations. Active individual moves towards the leader according to equation: 
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where ML is the number of current migration round, xML
i,j,start is position of active 

individual at beginning of current migration,  xML
L,j is the position of the leader, t ∈ [0; 

pathLength], t = 0, Step, 2*Step,... 
This equation is applied to all individuals except the leader, which does not move. 

For each step in solution space (denoted by t) newly created individual is evaluated. 
At the end of migration (individual made all steps lower than PathLength) individual 
is set to a position which had the best fitness value during the current migration. 
Therefore the fitness value of an individual cannot deteriorate. 

2.2   cuSOMA 

The aim of this work was to create the fastest possible implementation of SOMA 
using the CUDA toolkit without compromising its functionality and convergence 
ability. This algorithm was named cuSOMA. cuSOMA is implemented as a C++ class 
with its core components in c-CUDA. 

CUDA C extends C by allowing the programmer to define C functions, called 
kernels, that, when called, are executed N times in parallel by N different CUDA 
threads. The CUDA threads execute on a physically separate device that operates as a 
coprocessor to the host running the C program, the host and the device maintain their 
own separate memory spaces in DRAM, referred to as host memory and device 
memory, respectively [13]. 

Early implementations of EAs for GPUs reported problems with generation of 
random numbers which was time consuming on GPU hardware [6]. More recent 
nVidia CUDA SDK features a library called CURAND which deals with efficient 
pseudorandom generators on GPUs [14]. CURAND random generators need to 
preserve their states using a data structure curandState in order to avoid generating 
the same number sequences for each thread and for each kernel call. Separate states 
for each thread are stored in an array and have to be copied from host to device prior 
to kernel calls. Initialization of states is done only once during the class initialization 
and uses standard C++ random generator. After a seed is generated a kernel is 
launched, which initializes random generators for each thread in parallel. 

Population of candidate solutions for cuSOMA is stored in one dimensional array 
on the device. To minimize the impact of memory transfers on algorithm performance 
the population and states are copied from device only after a user definable amount of 
migrations finished. The migration of individuals requires 2 additional arrays to store 
intermediary positions and the best position discovered during the migration. Both 
arrays for temporary values have the same structure as the original population. The 
fitness values of each individual are stored inside a population after the phenotype. 
The scheme of population is depicted in Fig 1. 

 

Fig. 1. Scheme of population stored on device 



176 M. Pavlech 

One possible bottle neck of this solution is the transfer of data between device and 
host. To quantify this problem a test was conducted which identified the amount of 
time needed for data transfers and time for actual computation on device. The data 
transfer time should be proportional to a size of copied data and there are two 
parameters which influence this amount: population size and dimension of a solution. 
Data transfer times include: allocation of arrays on device, copying of population and 
states to and from device and freeing of allocated memory. Two tests were conducted 
to explore the influence of these two parameters with all the time measurements 
conducted with CUDA events. First test was run with dimension locked at 50 and 
population size growing steadily from 100 to 2,500 with a step of 100 and with 
population size from 5,000 to 25,000 with step of 5,000. All attempts were run for 
100 migration rounds. Second test was run with population size and migration rounds 
locked to 1,000 and 100 respectively and with dimension of the test functions 
growing from 25 to 250 with step of 25 and additionally from 500 to 2,500 with step 
of 500. All tests were repeated for 10 times and averaged in order to avoid random 
glitches. The share of data transfer times on total run time can be seen in Fig. 2 and 
Fig. 3 where it is displayed as a percentage of total runtime with x axis displayed in 
logarithmic scale for better readability. 

It can be seen that data transfer times are smaller than 1% of the overall 
computation time for all test cases. Increase in dimension resulted in longer 
computation times and thus the influence of data transfers decreases. Increase in 
population size lead to opposite results up to 2,500 individuals where data transfer 
share rose steadily up to 0.36% for De Jong function. For larger population sizes, on 
the contrary, this share declined. Results show that computational time rose faster 
than data transfer time for a number of individuals which was significantly larger than 
number of thread processors on GPU and thus the share of data transfer time 
decreased. 

 

Fig. 2. Share of data transfer time on algorithms runtime with relation to dimension of cost 
function 
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Fig. 3. Share of data transfer time on algorithms runtime with relation to population size 

For larger populations it is not possible to execute all the operations using only one 
CUDA block because the thread per block limit is set to 1024 (512 for devices with 
compute capacity lower than 2). Large populations require use of several separate 
blocks. Number of blocks is decided using equation: 

blockperthreads

blockperthreadssizepopulation
blocks

__

)1___( −+=
                               

(3)

 

During the computation each thread calculates the index of an individual which it 
should migrate according to equation: 

( ) idthreadblockperthreadsidblockindex ____ +×=                           (4) 

where block_id is the index of current block in a grid and thread_id is thread index in 
current block. 

The influence of threads per block on performance of cuSOMA was investigated in 
three tests which had population size set to 1,000, 3,000 and 5,000, in order to 
simulate spawning of more blocks, dimension set to 50 and number of migrations  
to 100. 

Table 1 shows the best performing number of threads per block for 3 different 
population sizes. The number of threads has considerable impact on cuSOMA 
performance. The test showed that 16 threads per block was the setting with the most 
consistent performance across population sizes and cost functions and therefore was 
used in further tests. 

Table 1. Number of threads with fastest execution with relation to population size and test 
function 

Population Griewangk Michalewicz Rastrigin Rosenbrock Schwefel De Jong 

1,000 16 16 16 16 16 16 

3,000 32 32 32 16 32 16 

5,000 16 256 16 16 16 16 
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The population is stored in global device memory during computation but this 
memory is the slowest type of memory available on device. Therefore it is desirable 
to move as much data as possible from global to either shared memory or registers. 
Both, registers and shared memory, are too small to contain whole population so it 
was decided to move only the leader for each migration, which is common for all 
individuals, into shared memory. The contents of shared memory are accessible by all 
threads from one block so it is sufficient if only first thread from the block copies the 
leader while other threads in the block are idle, waiting for this operation to finish.  

Possible performance gains of using shared memory may be hindered by time 
needed to copy the leader from population (global memory) hence a test was 
conducted to find if shared leader technique brings performance improvements. The 
test was run with two algorithm variants, one which was using leader in shared 
memory and one which was accessing leader from global memory. The population 
size was set to 3,000, dimension to 50 and number of migrations to 100, number of 
threads per block was changed in powers of 2. Fig. 4 shows the difference in time 
between the two algorithm’s versions. All values above zero mean that version with 
shared leader was faster for a given number of threads per block. 

The leader in shared memory turned out to be a questionable improvement. There 
are certainly performance benefits for all test functions, but they are in range of 
milliseconds. For 16 threads the highest improvement was 3.25ms (Griewangk 
function) and the highest performance loss was 7.19ms (Michalewicz function). 
Overall results of shared leader test can be summed as follows: algorithm with shared 
leader was faster in 33 cases but slower in 15. Although it adds only minor speed 
improvements the shared leader was left intact as a part of cuSOMA. 

 

Fig. 4. Performance gains from leader in shared memory with relation to threads per block 

In order to determine which individual will be the leader for next migration round 
it is necessary to search the whole population for individual with the best fitness. 
Because the population during migrations stays in the global memory of GPU it is 
possible to perform parallel search for the best individual. cuSOMA uses the parallel 
reduction to find the index of the leader and store it in the global memory where the 
threads performing migration can access it. 
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2.3   Performance Tests 

The most important reason for implementing SOMA on GPU is the promise of 
possible speedup when compared to running the algorithm on CPU. To test these 
possible gains two types of tests were conducted with 6 different artificial test 
functions. Both tests were conducted on the same hardware: nVidia Tesla C2075,  448 
thread processors at 1150 MHz and Intel Xeon E5607, at 2.26 GHz. 

All the test cases were run for 100 migration rounds, repeated 10 times and their 
results averaged. The measured parameter was the speedup of cuSOMA when 
compared to CPU implementation. 

First test was aimed at how well the cuSOMA scales to increase in population size.  
Second test used constant population size and the dimension of the test functions 

was increasing. The purpose of this test was to decide if cuSOMA is suitable for 
functions which require higher computational power for evaluation. 

In addition to speedup tests a simple test to determine if the convergence ability of 
SOMA was not compromised was conducted with all 6 test functions set to 25 
dimensions, population size to 1,000 and number of migrations to 100. 

Detailed setup of all tests is in Table 2. 

Table 2. details of performance tests 

Test Population size dimension 

1 100-25,000 50 

2 1,000 25-2500 

3 1,000 25 

3   Results 

Fig. 5 shows that cuSOMA scales extremely well to the size of population in values 
from 100 to 2500. Each increase of population size enlarged the performance gap 
between CPU and GPU implementation of SOMA. Further increase in population size 
showed that the initial steady growth of speedup is much less significant for higher 
volumes of individuals. However no test function showed substantial decrease in 
speedup and cuSOMA stayed superior to CPU implementation. 

The highest recorded speedup was 126.9 for Michalewicz function and 25,000 
individuals. cuSOMA seems to be more suitable for more computationally demanding 
functions as can be seen from comparison of results for De Jong and Michalewicz 
functions. This effect is probably caused by higher clock speed of CPU in comparison 
to thread processor clock speed of GPU, with this difference becoming more obvious 
for less demanding functions. 
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Fig. 5. Speedup measured with relation to population size 

Fig. 6 shows that cuSOMA does not scale very well to increase in cost function 
dimension, which can be also viewed as an increase in computational complexity of 
cost function evaluation. The GPU implementation is considerably faster than its CPU 
counterpart with speedups ranging from 13 (De Jong function) to 56 (Michalewicz 
function). Results from higher dimensions show that the value of speedup remained 
almost constant witch exception of Michalewicz function which constantly showed 
improvements with each dimension increase. 

 

Fig. 6. Speedup measured with relation to test function’s dimension 

As shown in Table 3, cuSOMA was able to find known global minima [15] for 5 
test functions with Rosenbrock’s function being an exception. Further test runs with 
more migration rounds were able to find global optimum even for this function. Value 
of global extreme of Michalewicz’s function for 25 dimensions is not known. 

Table 3. The best found values in 10 test runs 

 Griewangk Michalewicz Rastrigin Rosenbrock Schwefel De Jong 
Best value 0 -24.633 0 0.0114101 -10474.6 1.66679E-13 

Best 
known 
value 

0 Not known 0 0 -10474.6 0 
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4   Conclusion 

An implementation of self-organizing migration algorithm for GPUs using nVidia 
CUDA was presented. This new version was named cuSOMA and provides 
significant improvements in computation time. The test with artificial test functions 
showed high speedups in comparison to CPU implementation of SOMA with highest 
recorded speedup of 126.9. cuSOMA scales very well to large population sizes and 
therefore it should be especially suitable for functions where finding global minimum 
requires a high number of individuals in order to satisfactory search the solution 
space. On the other hand, increase in computational complexity of test functions did 
not produce further speedup gains in comparison to CPU version but nevertheless it 
was still considerably faster.  

The influence of block size on algorithm performance was investigated and it can 
be seen, that it can have significant impact on runtime but it is also dependent on the 
nature of optimized function. Also the share of data transfer times on overall runtime 
was investigated and tests showed that for large populations this time grows slower 
that actual computational time. 

Further research will focus on fine tuning cuSOMA and finding other optimization 
algorithms which could be even better suited for general computing on graphical 
processing units.  
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Abstract. In this paper we show a hybrid modeling approach which combines 
Artificial Neural Networks and a simple statistical approach in order to provide 
a one hour forecast of urban traffic flow rates. Experimentation has been carried 
out on three different classes of real streets and results show that the proposed 
approach clearly outperforms the best of the methods it combines. 

1   Introduction  

Transportation is a wide human-oriented field with diverse and challenging problems 
waiting to be solved. Characteristics and performances of transport systems, services, 
costs, infrastructures, vehicles and control systems are usually defined on the basis of 
quantitative evaluation of their main effects. Most of the transport decisions take 
place under imprecision, uncertainty and partial truth. Some objectives and con-
straints are often difficult to be measured by crisp values. Traditional analytical tech-
niques were found to be not-effective when dealing with problems in which the  
dependencies between variables were too complex or ill-defined. 

Moreover, hard computing models cannot deal effectively with the transport  
decision-makers’ ambiguities and uncertainties. 

In order to come up with solutions to some of these problems, over the last decade 
there has been much interest in soft computing applications of traffic and transport 
systems, leading to some successful implementations[3]. 

The use of Soft Computing methodologies (SC) is widely used in several applica-
tion fields [1][10][24][25]. In modeling and analyzing traffic and transport systems 
SC are of particular interest to researchers and practitioners due to their ability to 
handle quantitative and qualitative measures, and to efficiently solve complex prob-
lems which involve imprecision, uncertainty and partial truth. SC can be used to 
bridge modeling gaps of normative and descriptive decision models in traffic and 
transport research. 
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Transport problems can be classified into four main areas : traffic control and man-
agement, transport planning and management, logistics, design and construction of 
transport facilities.  

The first category includes traffic flow forecasting which is the topic tackled in this 
work. This issue has been faced by the soft computing community since the nineties 
[8, 11, 15, 22, 27, 28, 29] up today [7, 9, 16, 21] with Artificial Neural Networks 
(ANN) [2,13]. As example, among the most recent work [16] focuses on traffic flow 
forecasting approach based on Particle Swarm Optimization (PSO) with Wavelet 
Network Model(WNM). [21] reviews neural networks applications in urban traffic 
management systems and presents a method of traffic flow prediction based on neural 
networks. [7] proposes the use of a self-adaptive fuzzy neural network for traffic pre-
diction suggesting an architecture which tracks probability distribution drifts due to 
weather conditions, season, or other factors. Among the other techniques SVR[14], 
Adaptive Hinging Hyperplanes[20] and Multivariate State Space [26] are worth  
mentioning. 

All the mentioned applications have one feature in common : they use one single 
global model in order to perform the prediction. Therefore, the main novelty of the 
proposed work is to combine different heterogeneous models in order to get a meta-
model capable of providing predictions more accurate than the best of the constituent 
models. In particular, we compose a neural networks ensemble with a simple statistic-
al model and compare the results over the one hour forecast. 

2   Methods  

2.1   Naïve  

In order to perform a meaningful comparison for the forecasting, a naïve model 
should be introduced in order to quantify the improvement given by more intelligent 
and complex forecasting techniques. For seasonal data a naïve model might be  
defined as: 

 xt = xt-s                                                               (1) 

with S the appropriate seasonality period. This model gives a prediction at time t pre-
senting the value observed exactly a period of S steps before. For this work we put the 
value of S = 1 which corresponds to the previous hour. It means that to predict the 
flow rate of the following hour it is used the current flow measure.   

2.2   Statistical  

One the simplest and most widely used models when dealing with regular time series 
(as urban traffic flows) is to build an average weekly distribution of the traffic flow 
sampled hourly. Thus, from the data we compute for each day the average flow rate 
hour by hour in such a way that we get an average distribution made of 24X7=168 
points. 
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2.3   Neural Networks Ensembling 

The other method, as suggested also by literature, we applied is ANN and ANN en-
sembling. The term ‘ensemble’ describes a group of learning machines that work  
together on the same task, in the case of ANN they are trained on some data, run  
together and their outputs are combined as a single one. The goal is obtain better pre-
dictive performance than could be obtained from any of the constituent models. In the 
last years several ensembling methods have been carried out [6, 18, 19]. The first one, 
also known as Basic Ensemble Method (BEM), is the simplest way to combine M 
neural networks as an arithmetic mean of their outputs. This method can improve the 
global performance [5, 23] although it does not takes into account that some models 
can be more accurate than others. This method has the advantage to be very easy to 
apply. A direct BEM extension is the Generalised Ensemble Method (GEM) [5, 23] in 
which the outputs of the single models are combined in a weighted average where the 
weights have to be properly set, sometimes after an expensive tuning process. Other 
methods are Bootstrap AGGregatING (BAGGING) [17] and Adaboost [4, 12]. 

2.4   Hybrid Model 

Hybrid models are an extension of the ensembling approach in the sense that the final 
goal is to combine different models in such a way that the accuracy of the composi-
tion is higher than the best of the single models. The difference is that the combina-
tion is performed among highly heterogeneous models, that is models generated by 
different methods with different properties and thus the composition among them is a 
complex rule taking into account the peculiarities of the models and/or of the problem 
itself.  

Therefore, in this work we propose a novel hybrid model which combines an ANN 
ensemble with the statistical model. 

The composition rule is the following : 
“IF the statistical model has a high error (meaning that for some reason we are out 

of a normal situation) THEN use the neural model ELSE use the statistical one” 
This criterion is based on the absolute error of the statistical model, thus the  

composition rule turns into 
 

|xt – yt
s| > ε   yt+1 = yt+1

n 
|xt – yt

s| ≤ ε    yt+1 = yt+1
s                                                   (2) 

 
Where yt+1 is the outcome (one hour prediction) after the composition rule, yt+1

n is the 
prediction of the neural ensemble, yt

s is the current outcome of the statistical model 
and yt+1

s  is its prediction. 
This basically means that if we are in normal statistical conditions (where the sta-

tistical model makes a small error) then use as prediction model the statistical one 
(which is very accurate in this condition), else (when out of normal statistical  
situations) take the neural ensembling estimation. 
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Fig. 1. Proposed hybrid modeling approach 

3   Experimentation  

In this paragraph we test and compare the methods presented in the previous section. 
The test case has concerned the short term traffic flow rate of three different streets 
(tab.1) located in the town of Terni (about 90km north of Rome). The data set is made 
of 3 months (13 weeks) of measurement corresponding to 2184 hourly samples. The 
data set has been partitioned into training/testing and validation made respectively of 
10 and 3 weeks each.  

Table 1. Street features 

 Maximum traffic flow rate  

Street 1 600 

Street 2 800 

Street 3 950 

 
The ANN are feed-forward MLP with 10 hidden neurons and one output (the one 

hour flow forecast) with sigmoid as activation function for all the neurons. The  
number of inputs N has been chosen with a preliminary analysis by calculating the va-
lidation prediction error after ensembling for different values of N (tab.2). By this 
analysis it turned out the optimal number of input neurons (namely the length of the 
history window) to be eight.   

Training has been performed through the Back-Propagation algorithm with adap-
tive learning rate and momentum stopping after 100000000 iterations and a ‘save 
best’ strategy to avoid overfitting.  The reported result are averaged over 10 different 
runs (with standard deviation in brackets) and the ensemble is therefore made by the 
same 10 models. 

 

  ANN 1 ANN 2 ANN N 

Neural Ensembling (BEM) 
Statistical 

Model 

Composition Rule 
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The reported errors are measured as   

e = |x-y|/(M-m)                                                        (3) 

Where x is the real value to be predicted, y is the output model, M is the real  
maximum value and m is the minimum. 

Table 2. History length selection 

N (hours) Street 1 Street 2 Street 3 

3 5.72% 6.88% 5.81% 

5 3.9% 5.07% 3.99% 

8 3.29% 3.43% 3.02% 

10 3.54% 4.12% 3.74% 

 
Afterwards, it has been tuned (tab.3) the parameter ε of the hybrid model (2). 

Table 3. Hybrid model parameter ε tuning 

 ε=10 ε=20 ε=30 ε=40 ε=50 ε=60 

Street 1 2.98% 2.83% 2.81% 2.8% 2.88% 2.99% 

Street 2 2.85% 2.69% 2.65% 2.66% 2.68% 2.75% 

Street 3 3.25% 3.13% 3.08% 3.04% 3.03% 3.04% 

 
At last, the following table shows the comparison of the models considered in this 

work in terms of prediction accuracy over the validation set and figure 2 shows a 
graphical comparison.  

Table 4. Model comparison 

 Naive Statistic ANN ANN Ensembling Hybrid  

Street 1 8.92% 5.90% 3.74% ±0.10% 

 

3.29% 

 2.8% 

Street 2 9.99% 7.14% 4.00% ±0.10% 

 

3.43% 

 2.65% 

Street 3 7.66% 5.56% 3.48% ±0.09% 3.02% 3.02% 

      

Average 8.86% 6.20% 3.74% ±0.10% 3.25% 2.82% 

 
From this analysis it is clear that in general the proposed hybrid approach outper-

forms the best of the ‘classical’ models (which turns out to be ANN ensembling) pro-
viding a remarkable improvement in prediction accuracy. Such level of precision is 
very important when dealing with applications like traffic and lighting control where 
the higher the model accuracy is the more effective the control system is.  
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Fig. 2. Model comparison 

From this graph it is clear that the hybrid model performs much better than the sta-
tistical model because, when out of normal conditions, it switches to the neural  
ensembling method which takes into account the real traffic dynamics. 

4   Conclusion  

In this paper we showed a novel hybrid modeling approach which combines Artificial 
Neural Networks and a simple statistical approach in order to provide a one hour 
forecast of urban traffic flow rates. Experimentation has been carried out on three dif-
ferent classes of real streets and results showed that the proposed approach clearly 
outperforms the best of the methods it puts together achieving a prediction error lower 
than 3%. The reason for that is that the neural ensembling model is capable to provide 
more reliable estimations when out of standard conditions because it considers the 
real traffic dynamics. 

The accuracy of the proposed hybrid modeling approach is such that it can be ap-
plied for intelligent monitoring, diagnostic systems and optimal control. 

Future work will focus on further modeling improvements using more sophisti-
cated ensembling methods as well as different composition methods for the hybrid 
model based on fuzzy sets rather than fixed thresholds. Moreover, the proposed me-
thod will be compared to other approaches already used in the field as Wavelets, 
SVR, Adaptive Hinging Hyperplanes and Multivariate State Space. 

As application, we are going to use these models in public lighting control in order 
to reduce energy consumption. 
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Abstract. The gravitational search algorithm is proposed to design PID control 
structures. The controller design is performed considering the objectives of set-
point tracking and disturbance rejection, minimizing the integral of the absolute 
error criterion. A two-degrees-of-freedom control configuration with a feedfor-
ward prefilter inserted outside the PID feedback loop is used to improve system 
performance for both design criteria. The prefilter used is a Posicast three-step 
shaper designed simultaneously with a PID controller. Simulation results are 
presented which show the merit of the proposed technique.       

1   Introduction 

Controllers based on proportional, integrative and derivative (PID) modes are applied 
within the majority of industrial control loops. Despite the development of more com-
plex control methodologies, there are several reasons for the success and resilience of 
PID control, such as simplicity, performance and reliability in a wide range of system 
dynamics [1]. Thus, the development of new PID control based schemes and design 
methodologies are relevant research issues. Two classical control system design goals 
are input reference tracking and disturbance rejection. Optimal PID controller settings 
for set-point tracking can result in poor disturbance rejection and vice-versa, i.e., op-
timal disturbance rejection PID settings can result in poor set-point tracking. The 
design of PID controllers both for set-point tracking and disturbance rejection can be 
improved using two-degrees-of-freedom (2DOF) configurations [2]. A well known 
2DOF configuration uses a feedforward prefilter applied to the input reference signal 
and a PID controller within the feedback loop. The ideal design of such 2DOF con-
trollers requires simultaneous optimization of system response both for set-point 
tracking and disturbance rejection. 

The GSA algorithm was proposed by Rashedi et al. [3] which reported the advan-
tages of using this algorithm in optimizing a set of benchmark unimodal and  
multimodal functions. In [3] a comparison was presented between GSA, particle 
swarm optimization (PSO) and a real genetic algorithm (RGA), showing that GSA 
performs better that PSO and RGA in the tested function set. Since its proposal GSA 
has been reported successfully in solving several problems [4,5,6]. In this paper the 
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gravitational search algorithm (GSA) is proposed to design 2DOF control configura-
tion in which the prefilter is a three-step Posicast input shaper and the feedback loop 
is a PID controller.   

2   Gravitational Search Algorithm 

The GSA was proposed originally by [3], and it is inspired in the natural interaction 
forces between masses. Accordingly to Newton’s law of gravity, the gravitational 
force, F, between two particles in the universe can be represented by:     

2
21

R

MM
GF =

                                                                  
(1) 

where: M1 and M2 are the two particles masses, G is the gravitational constant and R 
is the distance between the two particles. Newton’s well known second law relates 
force with acceleration, a, and mass, M, as:    

M

F
aMaF =⇔=

                                                             
(2) 

Considering a swarm of particles (or population), X, of size s, in which every element 
represents a potential solution for a given search and optimization problem, moving in 
a n-dimensional space, with vector x representing the particle position. The force 
between particles i and j, for dimension d and iteration t is represented by [3]: 
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where: ε is a small constant, and the gravitational constant can be defined in every 
iteration by: 
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with: G(t0) representing the initial gravitational constant, and R representing the Euc-
lidian distance between the two particles. The use of R instead of R2 in (1) was pro-
posed by [3] based on experimental tests. The total force that acts in each particle i for 
a certain dimension, d, is evaluated by:  
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in which, ϕ1j represents an uniform randomly generated number in the interval [0,1] 
and Kbest is the set of best particles, with size set to k0 at the beginning of the search 
procedure and decreased linearly over time. The acceleration of mass i, called law of 
motion [3], is represented by: 
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with Mi representing the inertia mass for particle i, evaluated with: 
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where:  fit, best, worst represent respectively the: current, best and worst fitness val-
ues for particle i in iteration t. The velocity and position of each particle are up-dated 
accordingly to the following equations: 
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with ϕ2j representing an uniform randomly generated number in the interval [0,1].  

3  PID Control Design: Problem Statement 

A general PID control structure for single-input single-output systems can be illu-
strated using the classical block diagram presented in Figure 1. Two of the more  
relevant control design objectives are set-point tracking and disturbance rejection.  

 

Fig. 1. PID control configuration 

For some types of system dynamics optimum set-point tracking can be achieved by 
using an open-loop control feedforward configuration. The modification of the refer-
ence input in order to improve system tracking can be implemented by using com-
mand shaping techniques [8,13]. The input shaping concept was originally proposed 
[7] to control underdamped systems. However the same technique can be used for 
other non-oscillatory system dynamics, as reported in [9].     
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Fig. 2. Feedforward input command shaping 

The pre-filter or shaper modifies the input step reference input, r, into another sig-
nal, rs, appropriate to cancel some of the system dynamics, in order to achieve a dead-
beat response, as illustrated in Figure 2. Cancelling the underdamped complex poles 
with a feedforward controller was originally proposed by Smith [7], and termed Posi-
cast control. Considering a unit step reference input, the half-cycle Posicast control 
signal is represented by: 
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and: r representing an unit reference input step, rs the shaped signal, A1 and A2 the 
first and second step amplitudes and Td the undamped time period. Equation (11) 
represented in the Laplace complex domain results in the following shaper transfer 
function: 
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The control signal represented by (11) can be obtained convolving the unit step input 
with a sequence of two impulses. This is known as a zero-vibration shaper [10], 
represented in the continuous time-domain as:        
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where δ(t) is the Dirac delta function. The amplitude of the first step or impulse is a 
function of the overshoot, Mp: 
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with: ζ representing the damping factor, ωn and ωd representing the undamped and 
damped natural frequencies, respectively. This study considers a Posicast shaper with 
three steps, represented by: 
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As systems can be subjected to disturbances and model uncertainty, the ideal feed-
forward control configuration presented in Figure 2 is usually combined with a  
feedback control loop. This combination can be accomplished using several control 
configurations, incorporating the feedforward controller (called hereby shaper) inside 
or outside the feedback loop. This problem has been addressed by [8], showing that 
using the shaper inside the loop is not advantageous for rejecting input disturbances. 
Thus, the control configuration used in this study is a two-degrees-of-freedom 
(2DOF) configuration presented in Figure 3, with the Posicast input command shaper 
(PICS) outside the loop.       

 

Fig. 3. Two-degrees-control configuration with input command shaping 

The 2DOF controller design can be accomplished using several methodologies. 
The PID controller can be designed first for achieving good disturbance rejection, and 
then the PICS can be designed to enhance set-point tracking. The former is a sequen-
tial design procedure. However, this can result in low performance. Indeed, both feed-
forward input shaper and feedback controller should be designed simultaneously. This 
type of methodology, also called concurrent design [11], is particularly useful when 
both design objectives are conflicting.  

4   GSA Design of PID Control Structures 

4.1   PID Design for Set-Point Tracking  

The PID controller used in this study is governed by the following equation: 
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where: Kp, Ki and Kd represent the proportional, integrative and derivative gains, re-
spectively, and Tf the filter time constant. The GSA is proposed to design the control 
structures described in the previous section. The first case is the PID control design 
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considering the control configuration presented in Figure 1, for set-point tracking 
minimizing the integral of absolute error criterion: 
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The algorithm used is presented in Figure 4, based on the original GSA [3], with some 
minor adaptations. In this case, if the swarm initialization is performed using a totally 
random procedure, some controller PID gains will make the system unstable. In these 
unstable cases the IAE value is disproportional high compared with stable cases, 
which makes the GSA to perform badly. Thus, to avoid unstable particles incorporat-
ing the first population, the swarm is initialized randomly using a candidate interview-
ing procedure. A randomly generated particle is allowed to be part of the initial 
swarm if it fulfills a predefined minimum IAE threshold.              

  
t = 0   
initialize swarm X(t) 
while(!(termination criterion)) 
  evaluate X(t) 
  update G, best, worst 
  evaluate particles M and a 
  update particles velocity and position 
  t = t + 1  
end 

Fig. 4. Gravitational Search Algorithm for PID controller design 

The gravitational constant is updated using: 
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where n_it represents the total number of iterations. This linear decreasing equation 
was found better for this application, among other possibilities tested by experimenta-
tion. The evaluation of each particle mass and acceleration are evaluated with equa-
tions (7) and (6), respectively. Particle velocity and position are updated with (9) and 
(10), respectively.  The simulation experiment considers the control of a fourth order 
system with time delay represented by the model: 
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Each swarm particle encodes the PID gains parameters {Kp, Ki, Kd} and the filter 
constant was set to 0.1. The search interval was equal both for initialization and 
search defined by:  0.1 ≤ Kp, Ki Kd ≤ 5. The initialization threshold was set to an IAE 
of 1000. The total number of iterations (n_it=150) was the search termination crite-
rion used. This number was deliberately set low as the aim here is not to achieve the 
optimal PID settings but good settings in a short evolutionary time period. The value 
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used for the initial gravitational constant was Go=0.5. The best PID gains achieved 
were {Kp=1.06, Ki=0.34, Kd=1.63}, results in an IAE=361. Figure 5-a) presents the 
unit step system response and respective control signal.     
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for set-point tracking. 
 

b) Comparison between the GSA and 
PSO.  
 

Fig. 5. Simulation results for set-point tracking 

Figure 5-b) presents a comparison between GSA algorithm and a standard Particle 
Swarm Optimization (PSO) algorithm, showing the evolution of the mean value of the 
ITAE index from a set of 20 runs. The PSO parameters in terms of swarm size and 
number of objective function evaluations were the same as used in the GSA. The 
cognitive and social constants were set to 2 and the inertia weight was linearly de-
creased between 0.9 and 0.4 over the 150 iterations. For this parameters set Figure 5-
b) clearly shows that the GSA convergence rate is faster in an early stage of the run. 
However, the PSO could be set to a faster convergence rate by reducing the higher 
limit for the inertia weight. The achieved value for the average fitness value is the 
same, which indicates that both algorithms converged for the same value in all trial 
runs. An interesting feature shown in Figure 5-b) is that the average fitness trend for 
GSA is more irregular than the PSO. This may prove relevant in escaping search traps 
such as local optima.  

4.2   PID Design for Set-Point Tracking and Disturbance Rejection  

If the PID gains derived for set-point tracking are applied to disturbance rejection the 
performance achieved is not good, as illustrated in Figure 6.a). To improved distur-
bance rejection, the 2DOF configuration presented in Figure 3 is used, with and three-
step input shaper represented by (16) and a PID controller. The design is performed 
considering the simultaneous optimization of both pre-filter and PID controller. The 
optimization procedure considers an input step applied to the reference input first, and 
an input step applied to the input disturbance input, d1, when the system as settled its 
tracking (in this case t=35s). The cost function used is the ITAE and each swarm  
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particle encodes both the prefilter parameters and PID gains {A1,A2,t2,μ,Kp, Ki, Kd} 
subjected to the amplitude constraint (17). The search intervals for the PID gains are 
the same as before and for the three-step Posicast shaper: 1≤ A1≤ 2, -2≤ A2≤ 0, 0.5≤ 
t1≤ 6 and 1.1≤ μ ≤ 4. Parameter A3 is evaluated using the amplitude constraint (17) 
and t1=t2/μ. Figure 6-a) presents the simulation results comparing the PID configura-
tion with the 2DOF with Posicast input shaping. No limits were imposed to the actua-
tor signal and the parameters achieved for the prefilter were {A1=2.0, A2=-1.59, 
A3=0.59, t1=0.61, t2=2.43}, and PID gains {Kp=1.55, Ki=0.55, Kd=2.45}, IAE=538. 
The results with the 2DOF clearly improved the single’s PID, with an IAE=687, ac-
counting with the unit step disturbance. Figure 6-b) presents the simulation results 
comparing the 2DOF with actuator saturation limits -15≤ u(t) ≤+15, and the PID con-
troller was implemented using a anti-windup scheme based on the conditioning tech-
nique [12,13]. The parameters achieved for the prefilter were {A1=2, A2=-0.1, A3=- 
0.9, t1=0.45 t2=0.5}, and PID gains {Kp=1.96, Ki=0.68, Kd=2.68}, with IAE=450. 
The plots presented in Figure 6-b) show an significant improvement both compared to 
the PID as well as the PID without the anti-windup scheme.             
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Fig. 6. Simulation results for disturbance rejection 

5   Conclusions 

The GSA was proposed to optimize PID control structures using the integral of abso-
lute error criterion. Two control configurations were addressed: i) classical feedback 
loop with PID controller for set-point tracking ii) 2DOF configuration using a feed-
forward Posicast input command shaper, placed outside the feedback PID loop. Both 
three-step Posicast parameters and PID gains were designed simultaneously, both for 
the objectives of set-point tracking and disturbance rejection. The same relevance was 
given to both objectives. The results presented show that GSA has a faster conver-
gence rate than PSO algorithm for PID design and it can conveniently design both the 
input shaper and PID controller in the 2DOF configuration, with and without consi-
dering controller variable saturation levels. Further research will explore the proposed 
technique for other process dynamics. 
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Abstract. Situations of medical error and defensive medicine are com-
mon in healthcare environments and have repercussions in the quality
of care under offer. The occurrence of adverse events and the increase of
healthcare expenses are some of the consequences of medical malpractice.
Indeed, these situations may be prevented by encouraging the compli-
ance with Clinical Guidelines (CGs). However, the current format of CGs
proved to be disadvantageous for real-time application, i.e., they may not
provide recommendations to healthcare professionals when required, and
on time. The introduction of Computer-Interpretable Guidelines (CIGs)
may provide a solution to this problem, however they are not widely
implemented and there are some issues that need to be contemplated.
Indeed, in this paper it is presented the CompGuide project for guideline
representation and sharing, combined with the handling of incomplete
information in that context.

1 Introduction

Clinical Guidelines (CGs) [1] are documents based on scientific evidence and
consensus among experts that provide recommendations to deal with specific
clinical cases. Their main objective is to structure the tasks of a clinical process
according to the health condition of a patient.

Official development programs of CGs started between the late 70s and the
early 80s. Since then, CGs have progressed significantly. The medical commu-
nity has continuously addressed the weaknesses of CGs and their development.
Initially they were solely based on informal consensus among clinical experts,
working on a regional base, and the guideline development group was exclu-
sively composed by physicians. Now guidelines are based on rigorous scientific
evidence evaluated by multidisciplinary groups of professionals, including a wide
range of expertise from different scientific fields, namely from management of
human resources to exam pactice. In fact, the need for a standardized evidence
grading system led to the creation, in the year 2000, of the Grading of Recom-
mendations Assessment, Development and Evaluation (GRADE) [2] project, an
initiative for evidence grading. The guideline development programs evolved to
national development programs and have spread across the world with the help
of the Guidelines International Network (G-I-N) [3], created in 2002 and with a
membership of 85 organizations from 43 countries.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 201–210.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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Development of CGs is a central subject in the medical community, since in-
creased compliance with standards may provide a solution to mitigate the effects
of medical errors and defensive medicine. Medical errors are mistakes committed
by healthcare professionals that result in harm to the patient. It is a universal
problem, namely in the United States (US), as it is shown in the bar graph of
Fig. 1, but also in Europe. Studies show that the rate of adverse outcomes in
London hospitals is 10.8% and the fatality rate resulting from medical error is
8% [4]. These numbers may not seem too adverse, but from the perspective of
patients that put their lives on the hands of healthcare professionals, they are
quite expressive and object of concern.

On the other hand, defensive medicine occurs when a healthcare professional
avoids treating certain patients or orders treatments and exams to avoid criticism
and eventual lawsuits. Studies about defensive medecine in breast cancer detec-
tion estimate that nearly 50% of the tested women will receive a false positive [6].
This puts them in emotional distress and may create a state of pseudo-disease.
In some cases, the trust in their physician may be seriously undermined. The
effectiveness of CGs in addressing these issues can be seen in a case study for
ischemic heart disease, in which an increase of 10% in guideline compliance was
associated with a decrease in 10% in mortality [7].

CGs have come a long way since they were idealized. However there are still
some issues to be addressed in order to be able to effectively mitigate medical
errors and defensive medicine. In the following sections we will point the short-
comings of paper-based CGs as well as related work in the field. In the last
section we will present the CompGuide project, which is aimed at the represen-
tation of clinical knowledge contained in CGs, increasing their availability and
the handling of incomplete information in the clinical process [1]. Soft comput-
ing techniques in the form of clinical decision support systems have been used
by researchers in this field to manage the issue of incomplete information in the
clinical process [9].

Fig. 1. Bar graph showing the annual fatalities in the US caused by medical errors in
hospitals, motor vehicle accidents, breast cancer and AIDS [5]
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2 Shortcomings of Paper-Based Clinical Guidelines

There are some issues with the text format of CGs, pointing out that long tex-
tual documents are difficult to consult. The information takes too long to be
obtained and the texts are susceptible to ambiguous interpretations, given the
lack of accuracy of the medical concepts that are used and their unstructured
nature [8]. To a healthcare professional that has to enforce and perfect his/her
clinical practice, it is nearly impossible to collect, assess and interpret the recom-
mendations of these CGs at the moment of the delivery of care. The maintenance
of this type of documents is problematic, since a modification usually implies re-
structuring the whole document. This is the reason why most guidelines are
only revised, thus making it difficult to keep up with the rapid development of
scientific knowledge.

Healthcare professionals are also concerned that compliance with CGs may
lead to an inflexible clinical practice, too focused on rules to follow or respect.
They fear that this will restrain their ability to adjust medical procedures to
the context under which they are inserted, by reducing their decision-making
capability. Justified variability in clinical practice is necessary when there is the
need to accommodate differences in healthcare systems, in the characteristics of
the populations (e.g., social, demographic, cultural, health condition) or when
the patient and the healthcare professionals have preferences among clinical pro-
cedures that are logically acceptable [8].

From the analysis of the current limitations of CGs, it is evident that they
should develop an interaction with the user, which in this case is the healthcare
professional. Guidelines should provide real time recommendations as the clinical
process unfolds, taking into account the state of the patient, and the preferences
of the healthcare professionals in control. In order to facilitate their update
they should present a modular structure, so that only a portion of the guideline
may be adjusted without revising the whole document. These perceptions of
interactivity and modularity are essential for the creation of living guidelines,
the next stage in the evolution of CGs.

3 Computer-Interpretable Guidelines

CIGs are representations of CGs in a digital format. A CIG system is essentially
a Clinical Decision Support System that integrates some basic features, namely
a guideline depiction model and an execution engine [10]. Trying to stay up-to-
date, in this review we will mention the current trends in the development of
CIGs and afterwards the insight mechanims that enhance this field.

3.1 Current Trends

Currently there are few CIG systems available. However we will address them by
their depiction models and mention the execution engines available for each one.
The depiction models present in this review are Arden Syntax [11], Guideline
Interchange Format (GLIF) [12], PROforma [13] and SAGE [14].
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Arden Syntax was developed in 1989 and is now a standard of Health Level
7 (HL7) [11]. The current version of Arden Syntax is Arden Syntax 2.8. This
approach focuses on sharing simple and independent guidelines as modules. Each
CG is modeled as a Medical Logic Module (MLM), which comprises relevant
knowledge.

GLIF represents an effort of Intermed Collaboratory in the development of a
sharable CG representation model [12]. The GLIF depiction model dates from
1998 and its current version is GLIF3. It consists of a set of five classes, each
one representing a step in the clinical process. This approach is task-based and
follows the Task Network Model (TNM), so every moment of the clinical process
is labeled as a Decision Step, Patient State Step, Branch Step, Synchronization
Step or Action Step. There is not a formal method of representation of temporal
constraints between steps in GLIF, however this is assured by a subset of Asbru
temporal language, which is the strong argument of this approach. At Columbia
University, GLIF is being integrated with the Clinical Event Monitor and the
Computerized Physician Order Entry (CPOE) system to provide clinical decision
support. The GLIF3 Guideline Execution Engine (GLEE) is a tool for executing
guidelines in this format.

In 1998, the Advanced Computation Laboratory of Cancer Research of the
United Kingdom initiated the development and assessment of the PROforma
depiction model [13]. The objective of this model was the construction of guide-
lines as flowcharts where the nodes are instances of pre-defined classes of tasks.
The classes are Plans, Actions, Decisions and Questions. Each class has a set of
attributes that reflects its information needs. Among the execution engines for
PROforma, Arezzo and HeCaSe2 are to be highlighted [13].

The SAGE (Standards-Based Sharable Active Guideline Environment) project
is a collaboration of six research groups (IDX Systems, University of Nebraska
Medical Center, Intermountain Health Care, Apelon Inc., Stanford Medical In-
formatics and the Mayo Clinic) [14]. SAGE includes a guideline depiction model
and a guideline execution engine. Its objective is to establish an infrastructure to
enable sharing guidelines in heterogeneous clinical information systems. SAGE
is involved with organizations of healthcare standards (mainly HL7) to bridge
the gap between guideline logic and real life implementations, and it is consid-
ered the evolutionary successor to EON and GLIF. The SAGE depiction model
for Clinical Guidelines consists of Guideline Recommendation Sets, which are
composed as a graph of Context Nodes. These Context Nodes can be Action
Nodes, Decision Nodes and Routing Nodes. The patient state is retrieved di-
rectly from the electronic health record of the healthcare entity. SAGE makes
use of terminologies and ontologies such as SNOMED-CT and LOINC. However
SAGE is a relatively recent approach and shows some deficiencies concerning
the integration of standards.

Recently, new approaches for guideline modeling, aimed to improve the as-
pects of the previously mentioned ones, are emerging, of which the Guideline
Acquisition, Representation and Execution (GLARE) [15] is to be noticed.
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3.2 Development Perspectives

From the study of the different CIG systems, it is possible to extract some
common features that should be in mind in the development of a CIG system,
namely:

– a guideline repository with different versions of guidelines;
– a guideline editor that enables the acquisition of new guidelines;
– a guideline representation language with a set of primitives of the tasks of

the clinical process;
– access to the Electronic Medical Record (EMR) and to a Clinical Manage-

ment System (CMS); and
– use of terminology and information standards.

It is common sense to state that a paper format cannot be compared to a com-
puterized guideline, since the first cannot be processed electronically. But, our
perspective is how an electronic format can be more advantageous and provide a
new set of tools to facilitate the work of healthcare professionals. From this point
of view, besides addressing the drawbacks of the paper format, CIGs may have
a positive impact in the development process of guidelines. The computerized
format and an underlying development framework enable the implementation
of features for collecting evidence and to grade them, as well as for group deci-
sion making. The application of formal methods, based on Mathematical Logic
[19,20] may be used to structure the development process and thus to prevent
the elaboration of weak guidelines. Although these are not the main goals of the
present work, they are interesting possibilities brought by electronic guidelines.

We have also identified two aspects where CIG systems are lacking. A good
feature that could be implemented in these systems is a web-based version of
the guideline editor, thus enabling healthcare professionals to freely build their
guidelines online. This would be advantageous since it would allow the develop-
ment of collaborative features of guideline development among different clinical
experts scattered across a wide geographical area. It would solve one of the ma-
jor problems of guideline distribution, which is the choice of the most suitable
mean to deliver these recommendations to care workers.

Another aspect is the handling of incomplete information that occurs in the
clinical process and the impact it has in decision making. Cases of uncertainty,
inexactitude and incoherence in the clinical process may stop the flow of in-
formation from the observation phase to the decision phase, thus preventing a
healthcare professional from devising a suitable treatment plan for a patient.

4 The CompGuide Project

The CompGuide Project is an initiative with the following objectives:

– the development of a web platform for acquisition and execution of CGs in
a digital format;
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– the development of a new guideline depiction model that captures all the
information needs of the clinical process; and

– the development of a clinical decision model that combines guideline rec-
ommendations with incomplete information that may arise from the clinical
process.

In the following sections we will address the different components of this project,
like features, and discuss how they may be implemented , with some detail.

4.1 Architecture of the Web Application

Web applications are the ideal support for delivering and gathering information.
They are platform independent and are available at any time at any local access.
This ensures that our purpose covers a wide range of devices, enabling people
who want to collaborate to share their work and vision. The application uses
the JavaServer Pages (JSP) [16] technology to add dynamic content to html
pages. The architecture of the application is displayed in Fig. 2. It follows the
Model-View-Controller (MVC) design pattern, where there is a separation be-
tween request handling, business logic and interface. Under this model, a servlet
handles all the requests, manages the logic and instantiates the Java beans. The
Java beans contain the Guideline Constructor and the Guideline Inference En-
gine, which have access to the Data Sources, i.e., a database containing data
about the patient, a repository of guidelines in a MySQL database, the Uni-
fied Medical Language System (UMLS) and Terminology Services (UTS) [17].
The UMLS integrates and distributes key terminology and has three knowledge
sources: the Metathesaurus that maps medical terms synonymous of the same
medical concept (e.g., SNOMED CT, LOINC), the Semantic Network that es-
tablishes associative connections between terms (e.g., cause and effect) and the
SPECIALIST lexicon, for syntactical, morphological and orthographic analysis
of the terms. The connection to the UTS is possible through a Java API provided
by UMLS. Finally, the JSP obtains the response from the beans and formats the
response accordingly.

Fig. 2. The architecture of the CompGuide web application
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4.2 Guideline Representation

Since there is not a standard model for guideline representation, we intend to
develop a depiction model capable of performing that task,that is integrated
with a standard terminology of clinical terms, the UMLS, and is in accordance
with standard models of clinical information, such as the HL7. This will establish
the necessary infrastructure to deal with interoperability issues with applications
that are already used in clinical settings. The approach to guideline modeling
of CompGuide presents an abstract view of decision making processes and task
management during a clinical action or process [18]. The model is depicted in
Fig. 3. A CG is viewed as a set of tasks, to which is given the designation of
plan.

A plan contains instances of primitive classes that reflect the assignments of
a CG. An action is an undertaking that represents a clinical procedure to be
performed by the healthcare professional. To feed inputs to the system we use
the question task. When a decision point is reached in the guideline workflow, it
is used the decision task, which contains rules that associate conclusions to the
parameters and values of the state of a patient. Action, question and decision
are the atomic tasks of the model. It was considered that any type of atomic task
gravitates around a clinical term, either it designates a parameter of the patient
state, a clinical procedure or a clinical exam. The scheduling constraints are
defined by attributes such as previous and next, that contain the id(entification)
of the tasks that come before and after the present duty.

The other types of tasks defined in a plan are aimed at controlling special
cases of the clinical workflow. The aggregation module groups tasks that are
part of a cycle or iteration, creating the conditions for the user to define their
periodicity, duration and objective. It is also used to represent tasks that be-
long to alternative pathways of the clinical workflow, like the ones that follow a
decision task, in which the system chooses the next undertaking of the clinical
process according to the conclusion reached at the decision step. The aggregation
module can also group simultaneous tasks.

Another relevant aspect of the model is the terminology subclass of plan.
Terminology comprehends the terms used in all the tasks of the plan along
with their Concept Unique Identifier (CUI), which is a code used in the UMLS
Metathesaurus to identity a concept and associate the different terms that may
be used as a synonymous.

4.3 Clinical Decision Model

Before applying a clinical decision model that includes incomplete information,
it is necessary to represent it in an appropriate way. Extensions to the Lan-
guage of Logic Programming (ELP) [19,20] is one of the few techniques that
enable this representation, using Mathematical Logic. ELP uses negation-by-
failure and classic negation to represent explicit negative information. From this
point of view the absence of information is also taken into account in the deci-
sion model. ELP enables the representation of cases of incomplete information
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Fig. 3. The CompGuide guideline model and its different types of tasks

about the state of a patient. For instance, in cases of inexactitude where there
are different possibilities for the value of a clinical parameter, these possibilities
are represented as abducibles or exceptions. In cases of uncertainty, if the value
of the clinical parameter is unknown, this is represented as a null value.

The example of Fig. 4 is a simplified fragment of the ATP III guideline for
Detection and Treatment of High Blood Cholesterol in Adults (developed by
the US National Heart, Lung and Blood Institute) that is responsible for the
detection of metabolic syndrome (ms). The information about the patient John
is a typical case of incomplete information.

Decision making in these situations requires the use of an information quan-
tification method. The Quality-of-Information (QoI) [19,20] is a methodology
associated with ELP. It is defined in terms of truth values taken in the interval
[0,1] that are attributed to the clinical parameters of the patient according to
their number of abducibles and null values. Given this, it is possible to calculate
the QoI of each condition in a decision and calculate scores for each conclusion
with the relative weights of its conditions.The decision model of CompGuide is
based upon ELP and QoI [18]. The first stage of the decision model is the For-
mulation of Hypotheses where it is carried out a survey of the available options
in terms of a decision. The following stage is Voting, which includes the Evalua-
tion of Conditions and the Evaluation of the QoI. The scores of the options are

Fig. 4. Fragment of the guideline for Detection and Treatment of High Blood Choles-
terol in Adults
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calculated and, in the Clinical Rule Selection, the option with the best score is
selected. In the Clinical Task Selection, the next task in the clinical workflow is
selected through a matching with its trigger condition.

5 Conclusions and Future Work

The proposed system gathers the main features of the available CIG systems
and goes beyond by trying to develop a web collaborative platform.The work
requires further development of the web application and continuous improve-
ment of the guideline model and the decision model. As observed the guideline
model should be expressive enough to allow the definition of the different types
of tasks that compose a guideline, as well as scheduling constraints on those
tasks, without increasing the complexity of the model, in order to allow an in-
tuitive acquisition of guidelines in the web application. The QoI approach really
enhances our methodology for problem solving, since it offers a way to deal with
incomplete information concerning the cases of missing information and con-
flicting/redundant and contradictory information. Indeed, uncertainty is dealt
with in terms of the causality between symptoms and diseases, measured by the
different scenarios that model and drive the universe of discourse.

What this approach offers is an intuitive environment for building and execut-
ing guidelines, through an expressive model, accessible to any healthcare profes-
sional and patient, as well as a decision model capable of processing incomplete
and uncertain information. These features will offer a solution to current prob-
lems of guideline development, which none of the existent approaches managed
to address.
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Abstract. This article deals with a smart time series prediction based on charac-
teristic patterns recognition. Our goal is to find and recognize important  
patterns which repeatedly appear in the market history for the purpose of pre-
diction of subsequent trader’s action. The pattern recognition approach is based 
on neural networks. We focus on reliability of recognition made by developed 
algorithms with optimized patterns which also causes the reduction of the  
calculation costs.  

1   Pattern Recognition in Time Series 

Market systems are chaotic systems from their nature. One of the essential character-
istics of a chaotic system is its extreme sensitivity to initial conditions. A tiny change 
in values at the beginning of the time series produces drastic changes in behavior 
later on [9]. For example [10], stocks are being sold or bought based on their prices. 
The price depends on how much has been bought or sold. The feedback loop has 
both positive and negative effects. The law of supply and demand implies a negative 
feedback loop, because the higher the price, the lower the demand, which, in fact, 
causes a lower price in the future. However, a parallel speculation mechanism im-
plies a positive feedback loop, because an increasing price makes an assumption that 
the price will increase in the future and thus motivate the traders to buy more stocks. 
As we do not know delay the between these two effects we are not able to predict 
anything well. These nonlinear effects are common in the markets [10]. Neverthe-
less, it is fair to say that the markets are not purely chaotic. Although a chaotic sys-
tem is a collection of orderly, simple behaviors, modelling the market has turned out 
to be more difficult than anticipated. The problem is that chaotic systems can be un-
usually flexible and rapidly switch between their many different behaviors. One way 
to isolate these individual behaviors of the market might lie in a presumption that 
when the market is perturbed in just the right way (e.g. a large drop in price), it 
would exhibit one of its many regular behaviors for a short time. In the meantime, 
constructing leading indicators is difficult, that is why a forecast horizon for any 
market time series is limited. 

Recent studies show that market patterns might implicate useful information for 
stock price forecasting. Currently, there are mainly two kinds of market pattern rec-
ognition algorithms: an algorithm based on rule-matching [1] and an algorithm based  
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on template-matching [6]. Nonetheless, both of these two categories have to design a 
specific rule or template for each pattern. However, both types of algorithms require 
participation of domain experts, and lack the ability to learn. For the last few decades, 
neural networks have shown to be a good candidate for solving problems with  
the market analysis. A typical illustration is the study conducted in [4], where a  
recognition algorithm for triangle patterns based upon a recurrent neural network was 
introduced. Market patterns can be classified into two categories: continuation pat-
terns and reversal patterns. Continuation patterns indicate that the market price is  
going to keep its current movement trend; while reversal patterns indicate that the 
market price will move to the opposite trend. More than sixty important technical pat-
terns are detailed in [2]. Patterns can be seen as some sort of maps which helps us to 
orientate in certain situations and navigate us to profitable trades.  

We focus on a smart time series prediction based on characteristic patterns recogni-
tion. The article proposes the market pattern recognition approach based on neural 
networks. All developed algorithms are implemented in the Java language and  
experiments’ data is placed on web (http://www1.osu.cz/~r09728).  

2   Time Series Prediction Based on Pattern Recognition Algorithm 

The whole course of our experiment can be divided into several tasks: 

• Determination of training patterns - using knowledge of finance 
• Patterns' binarization to obtain training sets 
• Adaptation of neural networks 
• Data analysis - pattern recognition 
• Results evaluation of data analysis - time series prediction 

2.1   Training Sets Preparation 

It is necessary to remark that determination of training patterns is one of the key tasks 
that needed our attention. Improperly chosen patterns can lead to confusion of neural 
networks. A neural network "adapted" on incorrect patterns can give meaningless  
responses.  

The search for the patterns is a complicated process which is usually performed 
manually by the user. In order to test the efficiency of the pattern recognition system 
we applied data from X-Trade Brokers [8] that is a set of data that reflect the situation 
on the market. We used time series which shows the development of market values of 
EURUSD, which reflect the exchange rate between EUR and USD. The testing time 
scale was four months from April to June 2011 on a 5-minute chart. That means that 
every 5 minutes a new record is created in the table. We used for experiments 17697 
records totally that are indicated in table 1.  
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Table 1. The experiment’s data sample 

Date Time Open High Low Close V  C1 C2 C3 

2011.04.01       00:00      1.4172      1.4172      1.4166      1.4166     10 |    

2011.04.01 00:10 1.4167 1.4169 1.4167 1.4168 12 |    

- - - - - - - - - - - 

2011.04.28 18:30 1.4808 1.4812 1.4802 1.4805 28 | 27 28  

2011.04.28 18:35 1.4803 1.4804 1.4799 1.4801 24 | 27 28  

2011.04.28 18:40 1.4802 1.4804 1.4798 1.4800 32 |  28  

2011.04.28 18:45 1.4801 1.4802 1.4791 1.4792 28 |  28  

2011.04.28 18:50 1.4791 1.4794 1.4789 1.4792 30 |  28  

- - - - - - - - - - - 

2011.04.30 23:50 1.4500 1.4500 1.4493 1.4495 13 |    

2011.04.30 23:55 1.4494 1.4495 1.4491 1.4491 18 |    

Columns description: 

Date - corresponding date 
Time - start time of the 5 minutes interval 
Open - open value of the time interval 
High - maximum value of the time interval 
Low - minimum value of the time interval 
Close - close value of the time interval 
V - trade volume in the time interval 

These attributes are provided by the X-Trade Brokers Company. Other columns start-
ing with the vertical line and labeled C1, C2, C3 are user defined columns and serve 
to mark the known patterns by the expert. These known patterns are designated as our 
training set for neural networks. Numbers in these columns represent an order how 
patterns were marked by the expert. 

We choose the flip pattern for our experiments, see Figure 1. This pattern occurs in 
markets with both decreasing and increasing tendency. We can split this pattern to 
two subpatterns; a pattern anticipating price decrease (column C1) and a pattern an-
ticipating price increase (column C2). Column C3 determines the pattern which 
doesn’t belong either to C1 or C2. 

In Figure 1 is shown Flip pattern: a sequence of three or more constrain actions 
that alters the subset of information being visually analyzed. This pattern is based on 
the support and the resistance pattern again. Sometimes the pattern is called as Role 
Reversal pattern or simply RR. Now, we are going to speculate on role reversal. Sup-
port will change to resistance and vice versa. First a market will create a new support 
(1). Then it will breach that support (2) and in the end bounce from the S/R level (3). 
In fact the support (1) has been changed to resistance (3). In Figure 1 we speculate on 
the price decrease. The speculation on the price increase looks very similar, it is  
mirrored only. 
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Fig. 1. Flip pattern 

During experiments, we used 47 patterns found by expert, representing classes 
with denotations "sell", "buy", and "wait". We have marked classes of patterns with 
corresponding symbols "sell" - C1, "buy" - C2, and "wait" - C3. The training set con-
tained 19 patterns "sell", 20 patterns "buy", and 8 patterns "wait". The third "wait" 
class was established on the basis of initial experiments, which showed that a neural 
network that is adapted only for patterns „buy" and "sell" tends to include any input to 
the first or the second class. It was undesirable, therefore we created patterns, which 
our network should interpreted as "wait“.  

Pattern Binarization  
Pattern binarization lies in a conversion of training patterns (vector values of quanti-
ties) into one-dimensional array of binary or bipolar values. Then such a field is an 
input into a neural network. Binarization is directly related to neural network adapta-
tion and follow-up analysis of results. Successful data analysis requires to be training 
and test patterns binarized in a same way. At first we drew all vector components into 
bitmap of height h and width w as a black and white graph in our experiments. Then 
the bitmap is spread over rows into one-dimensional array of size w x h. In the course 
of binarization, it is necessary to successively solve the following partial tasks: 

• Choice of data components (columns in table) that will be used in the experiment. 
• Template binarization schemes (neural network works with inputs of constant 

length). 
• Normalization range of values (height normalization). 
• Normalization number of values (width normalization). 
• Determination of binarization method.  
• Conversion of n-dimensional data into one-dimensional array. 
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Fig. 2. Bitmaps input quantities: “Open”, “High”, “Low”, “Close, and “Volume” 

Each value in columns “Open”, “High”, “Low”, “Close”, and “Volume” in table 1 
was binarized separately and created bitmaps were finally integrated into only one 
bitmap. It is possible to notice that the first four quantities “Open”, “High”, “Low”, 
and “Close” from table 1 contain almost identical information - in contrast to “Vol-
ume”, the graph of which is different. All 5 quantities are inserted in the 2x3 grid, 
where (one) sixth of bitmap remains unused. (One) more of any variable can be 
placed in the free position in order to strengthen its influence on adaptation results, 
see Fig. 2. 

2.2   Modification of Hebb Rule 

Hebb network belongs to the very simple artificial neural networks by reason that it 
contains minimum parameters and is adapted in one cycle. The Hebb rule [7] deter-
mines the change in the weight connection from ui to uj by Δwij = r * yi *yj, where r is 
the learning rate and yi, yj represent the activations of ui and uj respectively. Thus, if 
both ui and uj are activated the weight of the connection from ui to uj should be in-
creased. Examples can be given of input/output associations which can be learned by 
a two-layer Hebb rule pattern associator. In fact, it can be proved that if the set of in-
put patterns used in training are mutually orthogonal, the association can be learned 
by a two-layer pattern associator using Hebbian learning. However, if the set of input 
patterns are not mutually orthogonal, interference may occur and the network may not 
be able to learn associations. This limitation of Hebbian learning can be overcome by 
using the delta rule. 

Based on the experimental study we suggested new principles of Hebb adaptation 
that are the following [5]: 

1. Before adaptation, algorithm walks through the training set and identify as irrele-
vant all the items, which value in all patterns is the same. 
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2. Weights of connections related to the irrelevant items are ignored during the adap-
tation. 

3. Thanks to that, such weights remain ’0’. 

Algorithm that marks irrelevant items can be written as follows [5]: 

1. Mark all items as irrelevant. 
2. Load input vector of the first pattern and remember values of its items. 
3. Repeat with all successive patterns: 

a) Load input vector. 
b) Mark every irrelevant item as relevant in case that its actual value differs 

from that in the first pattern. 
4. End. 

Hebb network configuration is presented in table 2. We had to create a reduced set of 
training patterns for the purpose of the network, as described above. In our experi-
mental study, the set of used training patterns was unlearnable for Hebb network. 
Therefore it was necessary to create a reduced training set for it, because 9 patterns 
from used 47 patterns have been identified as problematic (blocking adaptation). One 
pattern "buy" (C2) and all (!) patterns "wait", in which too many pixels were overlap 
from different classes. While backpropagation rule should be also able to express rela-
tions between inputs, Hebb rule not. As a matter of fact, this did not work and differ-
ent approach had to be developed. Therefore, we designed Hebb algorithm - active 
mode modification, which runs as follows: 

Hebb algorithm tends to find almost all introduced patterns familiar. A new modi-
fication has been designed, tested and used for the active mode of Hebb rule. In a 
common operation, the output value of each output neuron is derived from its net 
value in a very simple way (eq. 1):  

 

=

≥=<−=

j
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iiii

ywnet

netynety 0if,1and,0if,1
 (1) 

The problem there is that yi takes the same output no matter how big its neti value is 
(apart from sign rules). In other words, we do not have any information about the cer-
tainty of the network result. Our network output function was replaced with simple 
equivalence: yi = neti. 

Then we can use parameter which means minimum | yi | value required to accept 
the neural network result. In case, that | yi | < confidence for some output, the neural 
network result is ignored. Using the confidence parameter, we can easily and accu-
rately regulate count (and a minimum of quality) of found patterns. As a matter of 
course it is not easy to find an optimal value for the confidence parameter. One of the 
reasons is the fact that the optimal value vary with patterns’ size, patterns amount and 
analysis results requirements. 
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Table 2. Hebb network configuration 

Network topology Input layer: x neurons, where x=number of bits in the input bitmap 

Output layer: 2 neurons 

Interconnection: fully connected 

confidence parameter: 3174 

Type of I/O values: bipolar 

3   Results Evaluation 

3.1   Data Analysis - Pattern Recognition  

The data analysis is the main task of the experiment. All previous jobs can be summa-
rized as "preparation". Data files were presented to the learned networks during the 
analysis. The aim of the analysis was to obtain a list of occurrences of learned pat-
terns in data. Columns containing occurrences of the patterns were added to original 
data during the analysis. The # character serves as a separator of those columns  
(table 3). 

Data analysis was conducted as a simulation of real operation. Entries were sub-
mitted to the networks successively, so as they accumulate in time. Every time, famil-
iar patterns were found, their class number and length (number of records) were  
recorded behind the # character in the current last record. 

Searching always proceeded within the designated permissible minimum and 
maximum length (number of records) of pattern. Minimal length pMin=20rec and 
maximal length pMax=70rec were used during our experiment. These values were re-
ceived from minimal and maximal lengths of the training patterns. Searching began at 
the length of pMin, which gradually grew larger until it reached the length of pMax. If 
more than one pattern was found, then only one with the greatest degree of learned 
pattern fitness was chosen, see Figure 3. 

 

 

Fig. 3. The-searching strategy of pattern finding  

3.2   Time Series Prediction 

Results obtained using Hebb algorithm were used for evaluation of the analysis. Table 
3 shows small fragment of the analysis table results. Confidence parameter affects the 
number of found patterns. We experimentally set up its value 3174. 
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• the first 7 columns hold original OHLC data  
• | column serves as a separator for training patterns definition 
• C1 and C2 columns hold definitions of the learning patterns 
• # column serves as a separator for found patterns declaration 
• P column, where found patterns are written 

As we can see, neural network tends to find clusters of patterns. The size of these 
clusters (the cluster from table 3 has size equal to 6) depends on the parameter confi-
dence. It would be useful to filter out one (the best) pattern from such a cluster, but 
the filtering method is not developed yet. 

Table 3. The analysis output sample. Value of confidence was 3174 

Date Time Open High Low Close V  C1 C2 - P 

2011.04.01 17:35 1.4183 1.4188 1.4179 1.4183 66 |   #  

2011.04.01 17:40 1.4184 1.4203 1.4183 1.4199 60 |   #  

2011.04.01 17:45 1.4198 1.4210 1.4196 1.4204 91 |  2 #  

2011.04.01 17:50 1.4203 1.4214 1.4199 1.4212 104 |  2 #  

- - - - - - - - - - - - 

2011.04.01 19:45 1.4216 1.4217 1.4214 1.4217 8 |  2 # 2-22 

2011.04.01 19:50 1.4218 1.4218 1.4216 1.4216 3 |  2 # 2-21 

2011.04.01 19:55 1.4215 1.4219 1.4215 1.4218 6 |  2 # 2-26 

2011.04.01 20:00 1.4219 1.4220 1.4217 1.4218 8 |   # 2-27 

2011.04.01 20:05 1.4217 1.4220 1.4217 1.4220 8 |   # 2-28 

2011.04.01 20:10 1.4221 1.4224 1.4220 1.4223 17 |   # 2-29 

 
To interpret the data from the analysis it is necessary to create a basic trading sys-

tem and trade all the recommendations provided by the neural network. Particular ex-
amples are demonstrated in the table 3. 

We present results of trading in the months April, May, and June 2011 based on 
Hebb neural network implementation, Figure 4.  Results of the trading without com-
missions and with commissions are displayed in each graph. In the case of trading 
with commissions, value 0.0002 was subtracted from each transaction.  The x axis in-
dicates the number of trades during the given period, the y axis indicates the profit. As 
for the profit, the absolute value of the trading account is not important. More impor-
tant is the trading equity itself. 

Figure 4shows a graph with trading results based on the recommendations using 
outputs from our Hebb network. As we can see in the graph without commission, the 
result of trading settled just below 0.05. In a contrast to it, the result with commission 
dropped to below -0.15 for the given period. This is in particular due to the large 
number of trades.  

Hebb network has surprised us because it was able to stay in positive account 
numbers in business without commissions. The disadvantage of this approach was 
stagnation after reaching the value 0.05 and also excessive overtrading. Due to high 
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number of transactions it is not quite good from real trading because for each transac-
tion we have to pay a commission fee. We would like to propose some method of 
control of the number of trades for adaptation algorithms in our future work. 

 

 

Fig. 4. Hebb algorithm - managed trading 

4   Conclusion and Future Work 

In this article, a short introduction into the field of pattern recognition in time series 
with prediction of subsequent trader’s action has been given. We focus on reliability 
of recognition made by the described algorithms with optimized patterns based on ar-
tificial neural networks. Our experimental study confirmed that for the given class of 
tasks can be acceptable simple classifiers (we tested the simplest type of Hebb learn-
ing). The advantage of simple neural networks is its very easy implementation and 
quick adaptation. Easy implementation allows implementing them at low-
performance computers (PLC) and their fast adaptation facilitates the process of test-
ing and finding the appropriate type of network for the given application. According 
to our results of experimental studies, it can be stated that pattern recognition in time 
series using chosen Hebb network was successful. Nowadays, we would like to de-
velop mechanism for filtering the best items of clusters of patterns, which emerge 
during the data analysis. 
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Abstract. By testing advanced control techniques based on Soft Computing into
industrial platforms is possible to analyse the feasibility and reliability of these
implementations for being subsequently used in real industrial processes. In many
cases, this fact is not taken into account for several reasons concerning with the
complexity of performing hardware implementations. Hence, simulation testing
becomes the last step before showing an implemented solution. The main objec-
tive of this work is to give a step beyond for achieving a more realistic test of the
Intelligent Control techniques. For this reason, a first approximation of a Genetic
Algorithm controller (NSGA-II) is implemented, tested, studied and compared
in the stages of the controller design, and simultaneously in different industrial
platforms. Most relevant results obtained in software simulation and in Hardware
In the Loop (HIL) implementation are finally shown and analysed.

1 Introduction

Since many years, Intelligent Systems area has been presented as a new chance to solve
tricky problems, being particularly relevant in coping with the intricacy and the com-
plexity of the real world industrial process control [1]. As Rudas and Fodor present
in their work Intelligent Systems [1], new fields emerged in this area developing com-
putational solutions for the new approaches based on intelligence, such as Computa-
tional Intelligence [2], Soft Computing [3], and combining techniques from both fields,
Hybrid Systems [4].

In both fields, Computational Intelligence (CI) and Soft Computing (SC), the GAs
have recently appeared in the developed solutions in industrial control applications [5].
These solutions might be classified into two categories: one group for analysing and
off-line design; other group for adapting and on-line controller tuning.There exist a
short number of proposals where GAs directly calculate an on-line and real time con-
trol action, due to: (1) non-reliable computation, (2) high computational cost, and (3)
problems in obtaining convergence and stability, such as discussed works in Fleming et
al. [6] and Valera et al [7].

Currently, there exist lots of studies for solving industrial control problems based on
ANN, as the work presented by Bose in Motor Drives [8], and based on FL, as the one
presented by Precup in a survey on industrial applications of fuzzy control [9]. The prin-
cipal gap of these works is to develop a real implementation in real industrial processes.
Usually, all the performed studies are tested in an experimental stage with industrial

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 221–230.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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process models which can include complex dynamics, but they are carried out in a sim-
ulation framework. Although there are multiple proposals based on SC techniques in the
literature, few real developments can be found [8]. All of them are developed with labo-
ratory equipment, without using real industrial platforms, such as industrial computers,
embedded computers or programmable logic controllers. Some works are laboratory
implementations with FPGA/DSP, or with a Host-PC configuration, testing communi-
cation and control issues, but not proving the robustness of a laboratory equipment in
real industrial processes [8].

This work takes a step forward using GAs for intelligent control, providing a frame-
work for the rapid prototyping and testing using industrial and usually used HW
platforms in the Industry. In subsequent sections, promising results with different real
platforms are presented. These results were obtained in several tests for controlling pro-
cesses with complex dynamics and in solving optimization problems based on GAs with
high computational cost requirements. Real tests have been carried out with two differ-
ent industrial platforms; a robust industrial PC controller with Peripheral Component
Interconnect (PCI) bus, and a PAC (Programmable Automation Controller). Beyond us-
ing GAs for solving optimization problems focused on tasks as planning, scheduling,
tracking and calibration, this work introduces first results in intelligent controlling of
processes with complex dynamics. Specifically, this development computes future val-
ues for control actions by an optimization process using GAs. This future values are
computed for a predictive control scheme where, depending on the sample time, the
computational cost could be very demanding.

There exist two fundamental problems on applying Model Predictive Control (MPC)
strategies: (1) the accuracy of the model to approach the process or plant to be con-
trolled, and (2) the control optimization problem to solve (specially for non-linear
model predictive control, NMPC) during each controller sample time. Therefore, GAs
as a part of Evolutionary Algorithms can offer a relevant possibility in high complexity
optimization problem solving when process models with high non linearity are chosen
and the selected cost functions are non-quadratic and non-convex [7].

Moreover, if the used prediction horizon is long, new difficulties appear in NMPC
problem solving which have to be considered in real applications. On the one hand,
the computational cost in solving the control problem with such horizons is high. On
the other hand, this control strategy produces convergence problems in the optimization
process, so in a general control formulation for working out a solution the computational
cost will grow up as well. Furthermore, if it is necessary to control process systems with
faster dynamics, a new problem appears when trying to perform an implementation in
a Real Time (RT) control scheme, because of time requirements to be reached in each
short sample time. This work tries to show how a control algorithm based on GAs can
be executed in RT, on several industrial platforms and in shorter sample times. To this
end, a Hardware In the Loop (HIL) testing configuration was prepared in the laboratory
where controllers were implemented into two different industrial platforms.

In this work we present in section 2 the multiobjective GA approach used in our
NMPC strategy. Subsequently, in order to implement the GA in real time with Mat-
lab/Simulink and xPC-Target tools, several modifications and adjustments have been
carried out and presented in section 3. Section 4 shows in a simulation context, two
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different controlled systems which will be later used in real tests. The two real plat-
forms tested in this work are presented in section 5. Results with both real platforms
in RT tests are showed and explained in section 6. Finally, section 7 contains the last
conclusions and future works.

2 The Genetic Algorithm NSGA-II

The optimization of multiple objectives problems, where any improvement in one of
the objectives makes other objectives worse, has been a extensively explored research
area. The optimal solutions obtained in such problems are denominated non-inferior
solutions and all of them belong to the set of Pareto [10]. There exist several methods
to search for the non-inferior (set of Pareto) solutions in the multi-objective optimiza-
tion context. Among them the ones based on evolutionary algorithms stand out. Some
of these contributions can be found in [11][6] and in [7]. Examples of efficient evo-
lutionary algorithms such as Nondominated Sorting Genetic Algorithm (NSGA) and
Micro-Genetic Algorithm (l-GA) are presented in [12] and in [13] respectively. The
main drawbacks of these techniques are their high computational cost and the need of
a decision maker to select one solution among the Pareto set. Other drawbacks related
to the control context are the difficulty of demonstrating the stability, the convergence
to a near global optimal and the robustness of the final solution

The NSGA-II used in this work is the one proposed by Deb et al. in [14]. The NSGA-
II is the evolution of the NSGA originally proposed by Srinivas and Deb in [12]. This
second version of the algorithm arose to answer the main criticisms (high computational
complexity, lack of elitism and the need for specifying the sharing parameter) the NSGA
received [14].

The possibility to tackle the multi-objective problems in the context of NMPC makes
very interesting the NSGA-II algorithm. The introduction of the elitist mechanisms in
the NSGA-II algorithm that improves the convergence time of the Pareto solutions is
especially useful for control, where there exist specific problems as the time require-
ments (directly linked to the computational complexity of the controller algorithm). In
[15] and [7], the authors takes the multi-objective NMPC scheme approach by using
NSGA-II [12] to search the set of Pareto non-inferior solutions at each sampling time
of the controller. For these applications, the NSGA-II works as the optimization solver
of the NMPC problem at each sampling time.

The NSGA-II flowchart explained briefly starts with the initialization of the popula-
tion (size N), evaluates the objective functions and ranks the population. The next step
consists of a loop that ends when the stopping criteria is met. Inside the loop the fol-
lowing steps are taken in the following order; selection, crossover, mutation, evaluation
of the objective functions, combination of population, ranking and finishes with the se-
lection of N individuals. If the stopping criteria is met the final population is presented.
See [14] for a detailed description of the NSGA-II algorithm.

NSGA-II was proposed as a Multiobjective GA although for this article it has been
used with SISO plants with only one objective. It should be addressed that the scope of
this work has been the preparation of a framework for the rapid prototyping and testing
of intelligent control techniques in industrial control platforms. Future work will lead
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to the implementation of multiobjective control strategies using GAs in RT as other use
cases.

3 RT NSGA-II Programming for Predictive Control

The NSGA-II original code provided by Deb et al. in [14] was written in C. This code
has been rewritten in a new s-function code for implementing in the Matlab/Simulink
development environment. Some code reduction was made in order to minimize the
coding size: e. g. lines related to the binary coding was removed because only real
number coding was required. Also the controller time performance has been improved
by making some modifications to adequate the NSGA-II in order to enhance its exe-
cution in short control sampling times. Finally, it is important to note that a new stop
criteria has been added to include in the control strategy not only the GA iterations, but
also the execution time.

In order to perform the predictive control with the NSGA-II algorithm, the objective
function should be evaluated for the entire prediction horizon. The function evaluation
is related to the error produced in the controlled variable of the control loop. To calculate
this error the algorithm needs a model of the system to be controlled that can be obtained
by mathematical approximation, neural network identification, etc. In this work, the
first RT implementations have been performed by using mathematical models presented
below. Furthermore, some tests have been made with neural network models performing
a satisfactory control as well. Once the GA ends the searching (with a time based or
a limited generation number stopping criteria) the last solution is used as predictive
control action at each controller sampling time.

4 Simulation Results

In this section some simulation results are presented. For these experiments the two
following nonlinear systems have been chosen from different benchmark systems:

System 1 (This is a modification of the system presented in [16]):

yk+1 = 0.8

[
u3

k +
ykyk−1

1+ y2
k

]
(1)

This system has been created for increasing the non-linear dynamics near the origin of
coordinates of the original system.

System 2 (This system is presented in [17]):

yk+1 =
1.5ykyy−1

1+ y2
k + y2

k−1

+ 0.7sin [0.5(yk + yk−1)]cos [0.5(yk + yk−1)]+ 1.2uk (2)

For the simulation stage, the controller has been implemented in Matlab/Simulink. A
batch of 50 simulations have been performed for each system. Figure 2 and Figure
3 show the evolution of the mean value in each batch of simulations. The system 1
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performs with a 25% overshoot (Mp) while the system 2 performs with a 45% Mp. It
is obvious this is not the best possible performance, but the implemented controller is
quite simple and does not include any kind of constraint.

The system 1 output signal shows the following statistical values; Mp Max = 0.3674;
Mp Min = 0.3648; Mp Mean = 0.3661; Mp Variance = 2.537e−7. It should be mentioned
that the control action max. value never exceeds 0.7223.

The system 2 output signal shows the following statistical values; Mp Max = 1.4984;
Mp Min = 1.4941; Mp Mean = 1.4960; Mp Variance = 6.8509e−7. It should be mentioned
that the control action max. value never exceeds 0.8344.

The simulations show that both systems can be controlled with the proposed NSGA-
II predictive controller. The simulation results are very satisfactory despite the imple-
mented controller is quite simple and does not include any kind of restriction.
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Fig. 1. Sample time 0.2 seg, Initial population 70, n generations 100. a) System 1 and
b) System 2

Although the results may not be as satisfactory as they should, the scope of this work
should not be lost. The HIL implementation of this first controller is challenging enough
to continue with this first controller before trying to develop a very accurate one. All in
all, more research has to be done in order to improve the controller and the results that
it provides.

5 Rapid Control Prototyping and HIL Testing

Nowadays, the software development platforms provide accurate simulation results, but
these simulations are not always enough to understand the real behaviour of the system.
The next step to take should be the testing of the development in a real system. But
the risk of a malfunction during the real testing is still there, and sometimes that risk is
simply unacceptable. Hardware In the Loop arises to fill the gap between the software
simulations and the real system implementation. The simulation gives a step towards the
real implementation using the HIL test with the externalization of the signals. The HIL
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can be used to simulate a single component or even the whole system replacing some of
the parts by mathematical models [18]. The benefits of the HIL have been tested in many
different industrial fields as automotive [19], electronics [20], wind energy systems [21],
etc. Therefore, the Intelligent Control Research Group (GICI) of the UPV/EHU has
adopted HIL methodology to test the different controllers under more real situations.

In the case of study of this article, the HIL test implies the externalization of the con-
trol signal u(k) and the system output signal y(k), as shown in Figure 2. The controller
is going to be hosted in one platform and the system to be controlled will be placed in
another platform. The configuration of the platforms and the data acquisition systems
are listed in the table 1.

System 2 (Plant )

y
k+1

=0.8*[u
k
3+y

k
*y

k−1
/(1+y

k
2)]

Step

PXI−6052 E DA

PXI−6052 E
National Instr .
Analog Output

1

PXI−6052 E AD

PXI−6052 E
National Instr .
Analog Input

1

PCI−6281 DA

PCI−6281
National Instr .
Analog Output

1

PCI−6281 AD

PCI−6281
National Instr .
Analog Input

1

Controller

NMPC
based on NSGA −II

u(k) y (k)

Fig. 2. Mathworks Matlab/Simulink block diagram

Table 1. Platform specification

Industrial PC / Kontron
Host Kontron xPC-Target 4.0 NI pxi-6052 (16bits)
Target PC xPC-Target 4.0 NI pci-6281(18bits)

PAC / Beckhoff
Host Beckhoff Xubuntu 8.04 / RTAI 3.8 K-Bus / KL3404 (AI) / KL4034 (AO)

(12bits).
Target PC xPC-Target 4.0 NI pci-6221(16bits)

Both platforms have in common the target configuration for the system to be con-
trolled. This system is composed by a PC with a National Instruments PCI Data Acqui-
sition card described above. All the configurations and the SW/HW installation steps
are explained in the howtos hosted in the GICI webpage.

6 Results (HIL Real Time Simulations)

In this section some results are shown. The HIL experiments have also been performed
with the two systems (System 1 and System 2) in 50 simulations, both running in the
two platforms presented in the previous section: Industrial PC and PAC.
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It should be remarked the difference in the bit resolution of the two platforms. The
industrial PC analog I/O card has a 16bit resolution, whereas the PAC K-Bus analog I/O
cards have a 12bit resolution. Also the NI PCI-6281 DAQ card has a 18bit resolution,
while the NI PCI-6221 DAQ card has 16bit resolution. This difference is one of the
reasons, but not the unique, of the noisier signal of the PAC platform.

Note that the system to be controlled is already running before the controller starts
in all the results shown above.

6.1 Industrial PC (PCI Bus Based On)

The Industrial PC is a very powerfull and robust platform, with a similar core as the
PCs but with an industrial bus (PCI). The results of this platform with the two systems
under testing (1) and (2) can be seen in Figure 3(a) and Figure 3(b).
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Fig. 3. Sample time 0.2 seg, Initial population 70, n generations 100. a) System 1 and
b) System 2

The system 1 output signal shows the following statistical values; Mp Max = 0.3769;
Mp Min = 0.3622; Mp Mean = 0.3649; Mp Variance = 1.3517e−5. It should be mentioned
that the control action max. value never exceeds 0.7229.

The system 2 output signal shows the following statistical values; Mp Max = 1.7932;
Mp Min = 1.4679; Mp Mean = 1.5673; Mp Variance = 0.0163. It should be mentioned that
the control action max. value never exceeds 0.8478.

The results of the Industrial PC are very similar to the ones presented in the simula-
tion section.

6.2 PAC / Beckhoff: K−Bus

The PAC can be described as a less powerfull platform in comparison with the industrial
PC, but the differences between both platforms are becoming less and less significant.
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The PAC has the capability of being programmed with PLCs programming language,
and it can be seen as a bridge between the PLCs and the industrial PCs. The results of
this platform with the two systems can be seen in Figure 4(a) and Figure 4(b).
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Fig. 4. Sample time 0.2 seg, Initial population 70, n generations 100. a) System 1 and
b) System 2

The system 1 output signal shows the following statistical values; Mp Max = 0.4006;
Mp Min = 0.3713; Mp Mean = 0.3829; Mp Variance = 2.7136e−5. It should be mentioned
that the control action max. value never exceeds 0.7223.

The system 2 output signal shows the following statistical values; Mp Max = 1.8117;
Mp Min = 1.5871; Mp Mean = 1.7777; Mp Variance = 0.0020. It should be mentioned that
the control action max. value never exceeds 0.8404.

The results of the PAC are similar to the ones presented in the simulation section.
Compared with the Industrial PC results, it can be seen that the PAC performs with a
noisier signal. All in all, the results of the two platforms and the simulations are very
similar.

The two platforms are capable of performing the 100 generations of the GA in
the required time each sample time. In case of not performing the 100 generations a
stop criteria has been implemented based in the required time to guarantee the RT and
deterministic performance of the controller.

7 Conclusions

In this work the first step to implement Soft Computing techniques in industrial plat-
forms have been taken in a Hardware In the Loop structure. A basic NMPC controller
has been prototiped and tested in real industrial hardware platforms with promising re-
sults. These results demonstrate that present industrial platforms have enough computa-
tional capability to run advanced control strategies using intelligent and Soft Computing
computation techniques. The rapid prototyping and testing framework presented in this
article is very useful to make fast improvements in the algorithms in order to satisfy the
hard real time and computational cost requirements.
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The application of the NSGA-II algorithm in a NMPC strategy has been also pre-
sented as an example of prototyping and testing. Different steps for developing the
control algorithm, from off-line simulations to rapid control prototyping and HiL test-
ing, have been done, laying the basis for the implementation of future intelligent control
strategies over real industrial controllers. All these steps have shown satisfactory results
as the ones presented in this paper.

Future work will lead us to the implementation of multivariable and multiobjec-
tive intelligent-expert controls for highly non-linear and complex controlled plants. The
combination of Neural Networks, Genetic Algorithms and Fuzzy Logic in advanced
strategies is being a promise solution to optimize highly complex control problems.
With the framework presented in this article the hybridization of those techniques is
being investigated, implemented and tested easier.

Another research line will guide us to the implementation of a neural network iden-
tification system. Firstly, the offline identification should be implemented in RT (it has
already been implemented in simulations) and secondly the identification should be
done online. This improvement will help the controller to be less dependant of a math-
ematical model of the system.
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Abstract. This paper specifies a method to describe human resources’ skills and
competencies for the use in automatic simulations of operative business processes
to enhance the precision of such simulations. A way to convert this description
into the vector space model is also provided and used to find and evaluate
adequate resources for performing process activities based on their competency
requirements. Two different competency vector representations are introduced
and experimentally compared on the software process of a local software
development company using the F-measure.

Keywords: Human Resource Allocation, Business Process Simulation, Compe-
tency Model, Vector Space Model.

1 Introduction

A large number of business processes are based on activities performed by human re-
sources (HR) and skilled and properly trained employees are one of the main sources of
the company’s competitive advantage [6,12]. But they have to be managed well so that
their potential can be fully utilized. This is normally done by managers and team lead-
ers but in automatic simulations, managers are not available to plan these allocations
because these simulations are fully performed by the machine. This article introduces a
solution to the problem of evaluating available employees to the current activity in the
ongoing process based on the employee’s competencies. This evaluation will enhance
the simulation by the means of finding the appropriately skilled worker that can be al-
located to the activity based on the actual availability of evaluated workers. It can be
also used to support the decisions for training or hiring new employees based on the
requirements of the process activities and predicted workload of the process.

Existing business process simulation models are not very concerned with accurate
human resources modeling and description [2,20]. Many simulation models suppose
that all employees in one role have the same skills and that it does not matter which
one of these workers will be allocated to the activity [17,21]. But clearly each worker
in the process is unique with its own set of skills and experiences; each one has specific
working habits and performance [4]. In our paper we try to use the competency-based
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approach to differentiate individual human resources in the process and how to use it to
correctly allocate resources to the process activities.

Our evaluation approach is inspired by the recommender systems used for human
resources selection in e-recruitment. The goal of these systems is to find the right appli-
cant for given job offer and are used in personal agencies and HR departments to sup-
port the recruitment decisions of HR consultants. Research concerning these systems is
however focused mainly on mining required data about applicants and job offers from
their textual representation using ontologies [7,10,18], learning models [3] or n-grams
[14] and only a few are concerned with the search and evaluation methods [15,16]. We
localize this problem to the simulation of internal processes so we can rely on struc-
tured information from internal company’s HR management systems and focus on the
evaluation method. In addition our approach is concerned with matching resources to
atomic process activities, not the whole job offer which consists of many activities and
so it can be used for more precise capability and training assumptions and for estimating
performance indicators.

2 Competency-Based Description of Human Resources

The first problem that has to be solved is the description of the employees’ skills in the
process. This is the human resources management area of expertise where the compe-
tency models [8,9,23] and skills frameworks (e.g. Skills Framework for the Information
Age [22]) are used. Competency models define various competencies which are impor-
tant for the company and its processes. Competencies are defined as sets of knowl-
edge, abilities, skills and behavior that contribute to successful job performance and the
achievement of organizational results [23]. Skills frameworks have the same purpose,
but they describe skills particular for one domain rather than general competencies. But
in fact skills are just a special type of competencies.

Competency models and skills frameworks also describe how to measure and eval-
uate individual competencies. In most cases competencies are measured by a number
of advancing stages where higher levels of competency include everything from their
lower levels. The first competency model had five stages [8] and later models used the
same system, but they did not keep the number of stages. There is no standard for how
many stages should a competency model have and every model defines its own set of
stages.

Competencies of a specific human resource can therefore be described by the com-
petency level acquired by the resource. This also means that this resource has mastered
this given level and all lower levels of the competency. This way it is not important
how many levels does the competency model have because the computing model can
assume, that the highest acquired level of the best resource is also the highest level of
the competency model.

Let’s have a small example of one HR consultant working in a personal agency. His
competencies in a 10-level model could look like this:

– Personnel knowledge in IT - 5. level,
– personnel knowledge in Management - 3. level,
– internal IS user skill - 6. level,
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– psychology - 4. level,
– customer knowledge of VSB-TUO - 4. level,
– customer knowledge of MyCompany - 0. level.

Domain specific skills (personnel knowledge, internal IS user skill), general competen-
cies (communication, psychology) and knowledge of the environment (customer knowl-
edge) are contained in this example. It is clear that competencies in the model have to
be based on the company’s requirements and professional domain.

3 Competency-Based Description of Process Activity
Requirements

All activities in the process also have competency-based requirements that describe
what competencies should the worker performing the activity know. Each activity will
therefore be defined by the set of competency levels for each required resource type
entering the activity specifying that only workers with given or higher level will do the
activity as planned. Resources with lower competencies are able to finish the activity,
but it will take additional time to learn how to perform the activity and their work is
prone to contain more errors. A simple example of requirements for the activity of
leading an interview with an applicant in the personal agency follows:

– Personnel knowledge - 5. level,
– internal IS user skill - 0. level,
– psychology - 5. level,
– customer knowledge - 4. level.

If we compare this example with the worker example from previous chapter, one can
notice the generalization of some requirements (personnel knowledge and customer
knowledge). When assessing the employee’s competencies, it is better to define the
competency levels in specific parts of the domain so that the resources are assessed as
precisely as possible. On the other hand the activity requirements should only define
a level for the whole competency category and relevant part of the domain will be
specified by actual process case. In other words, if the personal agency tackles with
a case where they have to find a programmer for the company VSB-TUO, then the
requirements in this case will be refined as personnel knowledge in IT and customer
knowledge of VSB-TUO. This specification has to be supported by a parameterization
of the process case in the process simulation tool. This can be easily done with discrete
event simulations by employing the Colored Petri Nets approach [1,13]. This approach
allows assigning various parameters to every token in the Petri net and these parameters
could be seeded with case specific information either in the initial marking or even
during the process run.

4 Direct Vector Representation

To evaluate human resources based on the process activity requirements we utilize the
vector space model that is very often used in document searches [5]. One of this models
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advantages is the option of ranking vectors according to their decreasing similarities to
the query vector.

To use this model for the competencies a way to describe the resource competencies
as vectors has to be found. This can be solved directly by creating a vector of the com-
petency levels for given resource. If the set of competencies determined for all resources
is c1,c2, ...,cm and resource ri has mastered these competencies at levels li,1, li,2, ..., li,m,
then the vector for this resource will be:

ri = (li,1, li,2, . . . , li,m) (1)

Competency vectors in this format can be directly used as the document vectors in the
vector space model [5]. To be able to create such vectors it is crucial that all resources
have levels assigned to all competencies c1, ...,cm. If this is not the case, then the com-
petencies have to be unified, missing competencies of the resources can then be filled
with level 0 or some competencies can be merged into one with their level defined by
their weighted average.

Activity requirements for every resource type entering the activity will serve as a
query for the model and can be represented in the same manner. A vector representa-
tion of the activity a with required competencies rca,1,rca,2, ...,rca,p and required levels
rla,1,rla,2, ...,rla,p is:

a = (rla,1,rla,2, . . . ,rla,p) (2)

Activity requirements vector in this format can be directly used as the query vector in the
vector space model [5]. Following conditions concerning the comparability of resource
and activity competencies have to be met in order to use this vector representation:

1. Resource and activity competencies are the same and are in the same order:

(∀a ∈ A) [m = p∧ (∀ j ∈ {1,2, . . . ,m}) [c j = rca, j]] , (3)

where A is a set of all observed activities in the process, m is the number of resource
competencies and p is the number of activity competencies.

2. Resource and activity competencies share the same scale for their levels:

(∀a ∈ A)(∀i ∈ {1,2, . . . ,n})(∀ j ∈ {1,2, . . . ,m})
[li, j ∈ 〈minlevel( j),maxlevel( j)〉 ⇒ rla, j ∈ 〈minlevel( j),maxlevel( j)〉] , (4)

where A is a set of all observed activities in the process, m is the number of re-
source competencies, minlevel( j) is the lowest possible level of competency c j and
maxlevel( j) is the highest possible level of c j.

3. All levels of corresponding competencies c j and rca, j have to share the same mean-
ing for all activities in the process and all j = 1, ...,m.

5 Fragmented Vector Representation

The biggest problem of the direct representation is that it does not take the specifics
of competency and requirements description into account. Resource competencies are
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specific by the fact, that the resource mastered all lower levels of the competency, but
requirements define that all higher levels are required. This difference can be encoded
into the representation by fragmenting the competencies to a number of elements equal
to the highest possible level of the competency. The level of one competency can there-
fore be divided into more vector elements containing 1 if the resource knows this level
or 0 if he does not. The bordering element will be able to hold a rational number to
enable more accurate evaluation.

Every competency c1, ...,cm will be split into fragmented competencies:

f c j,1, f c j,2, ..., f c j,maxlevel( j), (5)

where maxlevel( j) is the highest possible level of c j. Vector representation for the
fragmented competencies f c j,k and resource ri is:

f li, j =
(

f li, j,1, f li, j,2, . . . , f li, j,maxlevel( j)

)
, (6)

where the values f li, j,k will be determined from level li, j as:

f li, j,k =

⎧⎨
⎩

1 ,k ≤ li, j
li, j + 1− k , li, j < k < li, j + 1
0 ,k ≥ li, j + 1

(7)

The resource ri will be described by the vector of vectors:

ri = ( f li,1, f li,2, . . . , f li,m) (8)

This representation needs to be adapted to the vector space model that works with
vectors containing atomic elements [5]. This can be easily done by replacing the f li, j
vectors directly by their elements f li, j,k creating the vector:

ri =
(

f li,1,1, . . . , f li,1,maxlevel(1) , . . . , f li,m,1, . . . , f li,m,maxlevel(m)

)
(9)

The same conditions for all resource competencies from the direct representation have
to be met.

Vector representation of the activities will follow the same pattern but with its own
specifics. In contrary to the resource competencies the activity requirements describe
the lowest required level of the competency for given activity, but it could be useful
to limit the highest required level. This will reduce the actual value of over skilled
resources that can be left to do more difficult tasks. The fragmented competency levels
will then be set to 0 below the lower limit, to a non-positive number above the upper
limit and to a number from the interval 〈0,1〉 in between the lower and upper limits. This
value describes the importance of actual competency for performing actual activity, the
most important competencies having this value set to 1.

If all the conditions for comparability defined in the direct representation are met,
the vector representing the activity a is:

a =
(

f rla,1,1, ..., f rla,1,maxlevel(1), ..., f rla,m,1, ..., f rla,m,maxlevel(m)

)
, (10)

where f rla, j,k is defined as:
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f rla, j,k =

⎧⎨
⎩

0 ,k < lrla, j
rcwa, j , lrla, j ≤ k ≤ hrla, j
hlpa, j ,k > hrla, j

, (11)

where lrla, j is the lower limit of the required competency rc j for activity a, hrla, j is
the upper limit, rcwa, j is the importance of required competency rc j for activity a and
hlpa, j ≤ 0 is a penalty for exceeding the upper limit for required competency rc j and
activity a where hlpa, j = 0 corresponds to no penalty and higher negative numbers
mean greater the penalty. All competencies rc j that are not required for activity a have
rcwa, j set to 0 and hlpa, j also set to 0.

A simple example with only two competencies and their maximal level set to 5 can
help to better understand this representation. Resource r1 with mastered competency
levels at (1,2) is represented as r1 = (1,0,0,0,0,1,1,0,0,0) and resource r2 with com-
petencies at (5,4) is represented as r2 = (1,1,1,1,1,1,1,1,1,0). If an activity a has
competency requirements set to lrla,1 = 2, hrla,1 = 5, lrla,2 = 4, hrla,2 = 5 then its rep-
resentation is a = (0,1,1,1,1,0,0,0,1,1) (both competencies are very important for
this activity, hence rcwa, j is set to 1 for both).

To evaluate resources against the activity requirements a referential resource has to
be added to the model. This referential resource rr will have exactly the same com-
petencies as the activity requirements (i.e. lr, j = lrla, j). Vector representation of the
referential resource for this example will therefore be rr = (1,1,0,0,0, 1,1,1,1,0). By
comparing resources with the referential resource we can see how good the resource
is at performing the activity and how much can it influence the activity’s performance.
Resources with higher similarities than the referential resources similarity are suitable
to perform the activity; resources with lower similarities will have troubles with the
activity.

6 Experiment

To compare the two representations introduced in this paper we performed an exper-
iment on a software process of a local middle-sized software development company.
Their 153 employees were evaluated in 22 competencies important in the software pro-
cess on a 10-level scale. 52 basic activities were identified in the process and their re-
quirements were specified for the same 22 competencies to ensure their compatibility.
All competencies were set to be equally significant (rcwa, j = 1) to ensure comparability
with the direct vector representation that has not been able to model varying competency
importance. The values for hlpa, j were set to 0 for all activities in one configuration and
to -30 in another configuration to penalize the resources with very high competencies.

The comparison in this experiment is based on evaluating the precision and recall
[19] and combining them with the widely used F-measure [19] for all activities in the
process using both vector representations introduced in this paper. To use the precision-
recall method, relevant resources for each activity had to be identified and this was done
by expert estimation by the process manager. Next task was to find a suitable measure
to evaluate the similarity in the model and the cosine and Euclid measures [5] were
employed for this comparison.
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The final task was to decide how many of the top evaluated resources for each activ-
ity should be considered in the computation of precision and recall. It was obvious from
the set of relevant workers for each activity that this cannot be a single number, because
the number of relevant workers varied significantly. It also was not feasible to derive
this number directly from the number of relevant workers to avoid unnecessary relation
with the expert estimation that is not normally present during the application of the
model. Referential resource can be used to solve this problem, because it represents the
lowest competency levels that are needed to perform the activity (even slightly worse
resources can perform the activity, but they were omitted from the results in this experi-
ment). Thus only resources with higher similarity level than the referential resource for
each activity were declared as found. This procedure could not be used for the direct
vector representation, because the referential resource, having the exactly same vector
as the activity vector, was always the resource with the highest similarity. Therefore the
number of top evaluated resources for the fragmented representation was also used for
the direct representation.

Table 1 shows the results of the evaluation based on the role specific model. Each
activity is linked to one role in the process and only workers from this role are consid-
ered in the search. Precision and recall averages over all activities are stated along with
two F-measure averages. The first one has β set to 1 which means that both precision
and recall are equally significant. But precision is more important in simulation alloca-
tions, because it is usually more important to allocate the correctly capable worker than
finding all capable workers, and so the second F-measure average is for β = 0.5 which
determines that precision is 2 times more important than recall.

Table 1. Role Specific Results

Representation Precision Avrg. Recall Avrg. F-measure Avrg. F-measure Avrg.
β = 1 β = 0.5

Cosine measure
Direct 75.28 84.05 74.42 73.33
Fragmented hl pa, j = 0 72.94 79.29 71.97 71.68
Fragmented hl pa, j = -30 84.54 79.29 78.68 81.12

Euclid measure
Direct 74.32 83.09 73.53 72.44
Fragmented hl pa, j = 0 76.53 64.86 64.36 68.67
Fragmented hl pa, j = -30 86.58 64.86 69.52 76.07

These results show that direct representation is slightly better than the basic frag-
mented one but the latter is more flexible in its use and extension. Only by increasing
the penalty for high competency levels the results significantly improved and further up-
grades to the representations are possible (weighing individual competencies, weighing
individual competency levels etc.). Cosine measure is also more useful than the Euclid
measure even though the latter has slightly better precision but at the expense of signifi-
cantly lower recall. The proposed model can also be used for all resources regardless of
their roles. This can be very useful to identify resources that are linked to wrong roles
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Table 2. Role Independent Results

Representation Precision Avrg. Recall Avrg. F-measure Avrg. F-measure Avrg.
β = 1 β = 0.5

Cosine measure
Direct 31.04 83.88 41.12 33.95
Fragmented hl pa, j = 0 31.66 70.68 40.95 34.58
Fragmented hl pa, j = -30 40.43 70.68 48.25 42.93

Euclid measure
Direct 24.20 68.19 32.49 26.59
Fragmented hl pa, j = 0 26.56 59.31 30.91 27.45
Fragmented hl pa, j = -30 30.45 59.31 34.01 30.98

and can lead to better restructuring of the resources. Results for the role independent
configurations are in Table 2.

These results have similar properties as the previous ones but the final F-measures
are significantly lower. Some further enhancements could improve the results but the
results show that this model in its current form is not applicable for precise allocations
of resources with widely different competencies.

7 Conclusion and Future Work

This paper proposed a method for evaluating the suitability of employees to perform
various activities in business processes based on their competencies. This evaluation can
be used in automatic process simulations to allocate the best fitting worker to current
activity in the simulation so that the simulation can take into account all specifics of
this worker. Such simulations can also be used to identify possible areas for training
or hiring new employees with specific competency sets and how will these personnel
enhancements influence the process indicators.

One of the useful specifics of the fragmented representation is weighing of individual
activity requirement levels. Introducing lower or even negative weights to high activity
requirement levels could solve a problem of allocating over skilled employees and also
enhance the precision of the results. This weighing could also be used for estimating the
performance indicators because the growth of resources capabilities is slower at higher
levels [11].

Availability of workers in the process should also be taken into consideration and
unavailable resources should be omitted from actual allocations. On the other hand
there is a possibility that a suitable unavailable resource will be available soon and the
method should be able to consider if it is better to wait for this suitable resource or to
allocate one that is less skilled but immediately available. This problem can be solved
with the help of the previous improvement by estimating the performance indicators of
the employee and comparing the waiting and processing time of currently unavailable
worker with the processing time of the available worker.
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Abstract. This article presents a study of the best data acquisition conditions 
regarding movements of extremities in people. By using an accelerometer, there 
exist different ways of collecting and storing the data captured while people 
moving. To know which one of these options is the best one, in terms of classi-
fication, an empirical study is presented in this paper. As a soft computing  
technique for validation, Self-Organizing maps have been chosen due to their 
visualization capability. Empirical verification and comparison of the proposed 
classification methods are performed in a real domain, where three similar 
movements in the real-life are analyzed. 

1   Introduction 

Over recent years, the use of Artificial Intelligence (AI) and miniaturized sensors for 
real world problem solutions has undergone a significant growth. 

Some devices integrate sensors to measure movement in the extremities. These are 
able to record acceleration patterns by means of wearable accelerometer devices, and 
enable daily physical activity measurement and analysis by applying AI techniques. 

Up to now, some solutions have been developed using sensors to measure variables 
and movement behaviour of the human being, such as the analysis of a cow daily ac-
tivity data [10], the delivery of patients’ information to health care personnel using 
mobile phones [7], stress detection system [13], etc... 

The use of accelerometers in order to objectively measure body movement is dis-
played in several studies together with some AI techniques, such as Support Vector 
Machine (SVM) [3]. Other AI techniques applied for human activity recognition are 
Hierarchical Hidden Markov Models (HHMM) [16], Fuzzy Basic Functions (FBF) 
[5], Decision Tree (DT) [8, 3], Neural Network Classifiers such as Resilient Backpro-
pagation (RPROP) [12, 18], K-Nearest Neighbour (K-NN) [4], Dynamic Time Warp-
ing (DTW) [11], Kohonen self-organizing maps (SOM) [14], or Naive Bayes (NB) 
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[3]. Most of these techniques use statistical measures like mean, standard deviation, 
variance, interquartile range, energy, correlation between axes and entropy, for the 
different features of the data. 

This study focuses on determining the way of collecting accelerometer data to im-
prove movement analysis performance. The main point in present study is to find the 
way of collecting accelerometer data to know the best sampled interval in order to ob-
tain the best divided classes of movements. Thereby, a system could register the data 
set with the best possible period, optimizing its consumption while improving the per-
formance. On the other hand, this on-going research aims at knowing the number of 
variables that the model should incorporate to get as low as possible classification er-
ror. The final objective is to obtain the furthest classes from the movement data. In 
order to do so, data are gathered with different time periods and number of variables. 
Then, in order to obtain some guidelines for the data gathering design, the most  
relevant group in the data are identified with a SOM. 

The remaining sections of this paper are structured as follows: section 2 presents 
the proposed soft computing approach and the neural projection techniques applied in 
this work. Some experimental results are presented and described in section 3; the 
conclusions of this study are discussed in section 4, as well as future work. 

2   Soft-Computing Techniques 

This study proposes to apply soft computing models to people’s movement detection. 
As a first stage, the study aims to investigate which measurement conditions are the 
best to distinguish correctly the activity in which the user is engaged. To perform this 
identification automatically, the Self-Organizing Map, has been used. This model was 
selected because, although: it is originally designed to cluster data samples; but it can 
also serve to obtain a proper data classification as well. Differentiating from some 
other models, it can handle unknown or not clearly classifiable data samples and it 
can also give a visual (and quantifiable) hint of where the new data can be represented 
with respect of previously presented samples. 

2.1   Self-Organizing Maps 

Topology preserving mapping comprises a family of techniques with a common  
target: to produce a low-dimensional representation of the training samples that  
preserves the topological properties of the input space. From among the various tech-
niques, the best known is the Self-Organizing Map (SOM) algorithm [9]. 

SOM aims to provide a low-dimensional representation of multi-dimensional data 
sets while preserving the topological properties of the input space. The SOM algo-
rithm is based on competitive unsupervised learning; an adaptive process in which the 
neurons in a neural network gradually become sensitive to different input categories, 
which are sets of samples in a specific domain of the input space. The update of 
neighbourhood neurons in SOM is expressed as: 

(t))w-(x(t) t)k, (v,(t)+(t)w= 1)+(tw kkk ⋅⋅ηα  (1) 
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Where, x denotes the network input, wk the characteristics vector of each neuron; α, is 
the learning rate of the algorithm; and η(v, k, t) is the neighbourhood function, in 
which v represents the position of the winning neuron (Best Matching Unit or BMU) 
in the lattice, and k the positions of the neurons in its neighbour-hood. 

2.2   Quality Measures 

In order to compare the results obtained by the different maps, three of the most wide-
spread measures are used in this study: 

• Classification Error [15]. Topology preserving models can be easily adapted for 
classification of new samples using a semi-supervised procedure. A high value in 
the classification accuracy rate implies that the units of the map are reacting  
in a more consistent way to the classes of the samples that are presented. As a  
consequence, the map should represent the data distribution more precisely. 

• Topographic Error [2]. It consists on finding the first two best matching units 
(BMU) for each entry of the dataset and testing whether the second is in the direct 
neighbourhood of the first or not. 

• Goodness of Map [1]. This measure combines two different error measures: the 
square quantization error and the grid distortion. It takes account of both the dis-
tance between the input and the BMU and the distance between the first BMU  
and the second BMU in the shortest path between both along the grid map units, 
calculated solely with units that are direct neighbours in the map. 

3    Data Gathering and Analysis 

The data collection device consists of a Microchip PIC18F2580 microcontroller and 
an Analog Device ADXL335 [6] 3D accelerometer [17] that integrates MEMS and 
SMT technologies. The physical magnitude sampling is performed by the accelerome-
ter and the movement module (M) is calculated on the three axes: X, Y, Z. 

 

 
Fig. 1. DXL335 Accelerometer 
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One female volunteer, aged 25, was enrolled in the study. The accelerometer is 
placed on the volunteer’s right wrists. In this study, a real life dataset was created by 
performing several activities with similar behaviour in order to provide classes of 
movements that are very similar. The performed activities have been: walking, walk-
ing while holding a bag in the right hand and walking while keeping the right hand 
into the trousers pocket. 

Acceleration vector -R(t)- was obtained at the beginning of the cycle and subse-
quently each vector value was collected every 62.5 ms. The values to create the test 
dataset (M) were calculated in each period of time, with the Euclidean distance [9] be-
tween the actual position -R(t)- and the previous position -R(t-1)-. Many samples of 
data from each activity have been created according to different period of time. 2, 4, 8 
and 16 data samples from the same activity are grouped by means of simple addition 
in the data set. For further details check Table 1. 

Table 1. Values of the groups 

Nº of samples (for each of the 3 classes) Nº of measurements grouped per data sample 

1000 2/16 

1000 4/16 

1000 8/16 

605 1 

 
Finally, three different options for building each of the datasets from these data are 

considered: 

• Option 1 is formed from 4 data sets, each one with two instants of time: previous 
and current. 

• Option 2 is formed from 4 data sets, each one with three instants of time: two  
instants before current one, previous and current. 

• Option 3 is formed from 4 data sets, each one with four instants of time: three  
instants before current one, two instants before current one, previous and current. 
Further details on the analyzed datasets can be found in Table 2. 

Table 2. Analyzed datasets 

Option Nº of columns Columns (time instants) 

1 2   t-1 t 

2 3  t-2 t-1 t 

3 4 t-3 t-2 t-1 t 

 
 



 Soft Computing for the Analysis of People Movement Classification 245 

So in this case, there is an array of 12 different combinations available to assemble 
the datasets for the tests: four different ways of summarizing the measures to con-
struct each sample (summarizing 2, 4, 8 or 16) and three combinations for the number 
of dimensions considered in each sample (t-3 to t, t-2 to t and t-1 to t). 

3.1   Experimental Results 

Experiments have been performed with all datasets previously explained. All data 
were gathered when the volunteer performed the same three activities, but the data 
were summarized in different ways (See previous page). The purpose is therefore, to 
find which of those combinations for data gathering could be considered the best one 
to separate activities, in order to be used in further analyses. Experiments have been 
performed using the SOM as a classifier, but two other measures have been per-
formed on the resulting map. A 10-fold cross-validation schema has been used in  
order to obtain the most significant results as possible. 

 

 
Fig. 2a. 16 measurements and 4 dimensions 
in each sample (t-3 to t) 

 
Fig. 2b. 16 measurements and 2 dimen-
sions in each sample (t-1 to t) 

 
Fig. 2c. 2 measurements and 4 dimensions 
in each sample (t-3 to t) 

 
Fig. 2d. 2 measurements and 2 dimensions 
in each sample (t-1 to t) 

Fig. 2. Different maps obtained for the most distinctive dataset combinations 
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Figure 2 shows the maps obtained for each dataset. Each one of the three move-
ments (classes) is depicted in a different way: green triangles, red circles and blue 
squares. As can be seen, maps obtained when summarizing samples in 16 measures a 
sample, yield maps separating in a clearer way the three different classes of the data-
set. On the contrary, when using only 2 measurements to obtain a sample for the data-
set, the classes in the maps appear more mixed. This is especially true for classes 
“walking” (red circle) and “walking holding a bag” (blue square). Also, the results 
can be considered better when 4 dimensions are used in each sample (Figure 2a) than 
when using only two (Figure 2b). In this case the third class (“walking with a hand in 
the pocket”) can be easily separated from the other two, as there is a clear gap of 
blank space separating them. Also, although there is a certain overlapping between 
the other two classes in all cases, the organization seems to be more stratified when 
using 4 dimensions in each sample (Figure 2a). 

 

 

Fig. 3. Comparison of the SOM quality obtained when varying the number of measures sum-
marized in each sample  

Quantifiable results have been also obtained for each of the maps trained over the 
different datasets. 

Firstly, a comparison of the three measures when modifying the frequency in 
which the data samples are considered   is included in Figure 3 All measures repre-
sented are error measures; so the lower the value, the best the model is performing. 
The Classification error is a percentage measure, while the other two are dimen-
sionless measures. As can be seen, the classification performance clearly degrades 
when reducing the number of measurements summarized in each data sample (from 
16 to 2). The other two  measures seems to improve with this reduction. This is due to 
the fact that the dataset becomes sparser when using more frequently acquired meas-
urements, therefore, decreasing the quantization error of the maps. In the case of this 
study, this is not the desired effect: a situation where samples are clearly separated 
(i.e. distinguishable) is the preferred one. As Goodness of Approximation Error  
accounts also for data quantization error, it behaves in a very similar way to the MQE. 
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Fig. 4. Comparison of the SOM quality obtained when varying the number of time instants 
considered for each sample 

Finally, the comparison of the results when considering the measures registered on 
4, 3 or 2 previous time instants is included in Figure 4. Although it is no as signifi-
cantly as in the previous comparison, classification error increases when decreasing 
the number of dimensions used to characterize a sample (from 11% with 4 dimensions 
to 14% with only 2). The other two measures decrease for similar reasons as  
explained before. 

4   Conclusions and Future Research Lines 

This work presents a first approximation to the problem of the automatic identifica-
tion of the activities performed by a human user by means of a movement sensor. 
Several datasets have been registered in order to check which of the measuring condi-
tions are the most appropriate to perform a simple identification of activities. Results 
point to the fact that the best settings are the ones that group more measures in each 
training sample (16 measures by sample in the experiments) as this tends to generate 
less sparse data in the data space, making classification easier. Also, including multi-
ple dimensions to characterize each sample (4 dimensions in the experiments) in order 
to favour the correct classification; since the majority of automated learning  
algorithms rely on multi-dimensional analysis to perform their training. 

Future work will be aimed at improving the classification results currently pre-
sented. Other automatic classification methods such as Artificial Neural Networks or 
Classification Trees could be used to further improve the results obtained by the SOM 
by constructing a hierarchical structure. 
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Abstract. The present work show the model of regression based on intelligent 
methods. It has been created to obtain current extinction angle for a half wave 
controlled rectifier. The system is a typically non-linear case of study that re-
quires a hard work to solve it manually. First, all the work points are calculated 
for the operation range. Then with the dataset, to achieve the final solution, sev-
eral methods of regression have been tested from traditional to intelligent types. 
The model is verified empirically with electronic circuit software simulation 
and analytical methods. The model allows obtaining good results in all the  
operating range. 

Keywords: Half wave controlled rectifier, regression, non-linear model, MLP, 
SVM, polynomial models, LWP, K-NN. 

1   Introduction 

Electronic rectifiers are one of the most common circuits in electronic topics [1]. Its 
objective in general terms is to convert an alternate signal into continuous signal [2]. 
This type of circuits can be used in applications like DC power supplies [3], peak 
signal detectors [4], and so on.  

Despite the simplest configuration of a rectifier circuit can be easy to understand 
and solve, for more complicate configurations they can be very difficult. Essentially, 
the difficulty depends of: the number of phases of the source, the characteristic of the 
load and if it is controlled or not controlled type [2].  

The present research is focused on the single phase half wave controlled rectifier 
for resistive and inductive load. As would be seen in the case of study section, this 
variety of rectifier is not easy to solve in analytically form. The main reason is due to 
non-linear nature of this topology [3]. 
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Usually to take a solution, to solve non-linear systems are used traditional methods 
with the help of computation tools. In this sense as methods to obtain a solution can be 
cited:  Trust-region dogled [5], Trust-region-reflective [6], Levenberg-Marquardt [7] 
[8] [9]. It is possible with these methods achieve good results in general terms with 
relatively few iterations. 

Taking into account the fact that the operating range of the single phase half wave 
controlled rectifier for resistive and inductive load is known, it is possible to obtain the 
results of the angle extinction for the range. This fact is possible due the value do not 
depends the other parameters like voltage peak, frequency and so on. With the dataset 
is feasible apply regression and obtain automatically the extinction angle. 

The traditional approaches for regression are based on Multiple Regression Analy-
sis (MRA) methods [10]. MRA-based methods are very popular among others because 
have application in a lot of fields. It is well knowledge these methods have limitations 
[10] [11]. The limitations result from troubles associated with MRA-based methods, 
such as the inability of MRA to adequately deal with interactions between variables, 
nonlinearity, and multicollinearity [12] [10] [13]. More recently Softcomputing (SC)-
based methods have been proposed as an option for many contributors as [11] [14] [15] 
[16] [17] [18]. 

Take into account all explained, a novel approach is proposed. The aim of the study 
is to develop an intelligent model that allows obtaining angle extinction of the single 
phase half wave controlled rectifier for resistive and inductive load. Many Softcomput-
ing techniques have been tested in order to obtain the best fitness of the created model. 

The work is structured as follow. It starts with a brief description of the single 
phase half wave controlled rectifier for resistive and inductive load. Afterwards intelli-
gent regression methods tested in this study are described. Next section shows the 
model developed and the results for the different methods. Finally conclusions and 
future works are exposed. 

2   Case of Study 

2.1   Single Phase Half Wave Controlled Rectifier for Resistive and Inductive 
Load 

The single phase half wave controlled rectifier circuit with resistive and inductive 
load is showed in figure 1. 

The load (resistance R1 and inductance L1) is fed for the voltage source V1 via thy-
ristor X1. The principal characteristic of the circuit is that the current is not in phase 
with the voltage. This fact is due the inductive component of the load. The firing 
pulse is applied to the gate of thyristor X1 (trigger pin) at instant defined as α. It re-
mains in the ON state until the load current tries to go to a negative value. This instant 
is defined as angle extinction β. The current i(ωt) is defined by equation 1, where Vm 
is the peak voltage, ω is the frequency, t is the time, τ is L/R and θ is tan-1(ωL/R). 
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Fig. 1. Single phase half wave controlled rectifier for resistive and inductive load circuit 

Figure 2 show the voltage (dots in blue) and current in the load (continuous line in 
red). As can be shown, the voltage exists in the load when current exist. Angle extinc-
tion is specified at figure. 

 

 

Fig. 2. Load Voltage and current 

 
To obtain angle extinction value β it is necessary to solve the equation 2 [2]. 
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There is not any analytical solution for the equation 2, and it is necessary numeric 
methods to solve the equation like the mentioned above in the introduction. 

2.2   Novel Approach 

The general schema of the proposed topology where intelligent model is used to ob-
tain the value of angle extinction is illustrated in figure 3. 
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Fig. 3. General Schema 

As can be seen in the figure 2, the model has two inputs: the load angle and the fir-
ing angle. As an output, the model provide the extinction angle that the single phase 
half wave controlled rectifier circuit with resistive and inductive load has for the two 
mentioned parameters when it run. 

3   Model Approach 

3.1   Obtaining Dataset 

For the dataset creation several things have been taken into account. Firstly it is nec-
essary to include all the range, i.e. load angle should go from 0 degrees to 90 degrees. 
Know that this fact the combination of the values of the resistance and the inductance 
to obtain load angle must be adequate. At borderline values have been taken into  
account have been consider ideal values to complete the dataset. 

In general terms the values of electric components have been chosen according 
with typical real values used at electric and electronic industry. 

3.2   Dataset Conditioning 

For obtaining the required model, it has been used a dataset which has 2 input vari-
ables (alpha and fi) and 1 output variable (beta). The dataset with 3626 samples, has 
been divided in two dataset, training dataset (2417 samples, two thirds of the original 
dataset) and test dataset (1209, one third of the original dataset). 

Each model has been trained and later evaluated with the test dataset, in terms of 
the MSE (Mean Square Error). In all techniques has been trained using cross valida-
tion with 10 folds. 

3.3   Used Techniques 

Following each of the used techniques and its parameters are described. 

Artifical Neural Networks (ANN). Multilayer Perceptron (MLP): A multilayer per-
ceptron is a feed forward artificial neural network [19] [27]. It is one of the most typi-
cal ANNs due to its robustness and relatively simple structure. However the ANN 
architecture must be well selected to obtain good results. Tests were performed using 
1 hidden layer, from 10 to 30 neurons in the hidden layer and log sigmoid and tangent 
sigmoid activation functions.  

Finally the best results were obtained using 20 neurons and log sigmoidal transfer 
function for the hidden layer. 

Intelligent
Model

Extinction Angle 

Firing Angle 

Load Angle 
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Support Vector Regression (SVR). Support Vector Regression (SVR) is a modifica-
tion of the algorithm of the Support Vector Machines (SVM) [20] for classification. 
In SVR the basic idea is to map the data into a high-dimensional feature space F via a 
nonlinear mapping and to do linear regression in this space. 

LS-SVM. Least Square Support Vector Machine (LS-SVM). Least Square formu-
lation of SVM, are called LS-SVM, in the approximation the solution is obtained by 
solving a system of linear equations, and it is comparable to SVM in terms of gener-
alization performance [21]. The application of LS-SVM to regression is known as LS-
SVR (Least Square Support Vector Regression). In LS-SVR, the ɛ-insensitive  
loss function is replaced by a classical squared loss function, which constructs the 
Lagrangian by solving the linear Karush-Kuhn-Tucker (KKT) system:  0   0

                                             (3) 

Where In is a [nx1] vector of ones, T means transpose of a matrix or vector,   a 
weight vector, b regression vector and b0 is the model offset. In LS-SVR, only 2 pa-
rameters ( , ) are needed. Where  is used the width of the kernel [22].  

LS-SVM [23] Matlab toolbox has been used. In this toolbox, the tuning of the  
parameters ( ,  equation 3) is conducted in two steps. First, a state-of-the-art global 
optimization technique, Coupled Simulated Annealing (CSA) [24], determines suit-
able parameters according to some criterion. Second, these parameters are then given 
to a second optimization procedure (simplex or gridsearch) to perform a fine-tuning 
step.  

The optimal parameters obtained by the previous method are: 2.1515 ,1.99477 

Polynomial Models. Generally, a polynomial regression model may also be defined 
as a linear summation of basis functions:  ∑                                               (4) 

where k is the number of basis functions (equal to the number of model’s parameters); 
fi(x) ( I = 1,2,..., k ) is a predefined polynomial basis function. The number of the basis 
functions in polynomial model of degree p is:  ∏ 1 /                                                   (5) 

The estimation of model’s parameters is made based on the training data typically 
using the Ordinary Least-Squares (OLS) method, minimizing: arg min ∑                                          (6) 

where x(i) is the vector of input variables’ values of the ith data point and y(i) is the 
output value of that point. In this polynomials method as well as all the other regres-
sion modeling methods, the systems of linear equations in OLS are solved using 
Gaussian elimination and back substitution. 

The best approximation has been obtained using Degree = 5. 

Locally Weighted Polynomials (LWP). Locally Weighted Polynomial approxima-
tion [25] is designed to address situations in which the models of global behaviour do 
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not perform well or cannot be effectively applied without undue effort. The LWP 
approximation is carried out by point wise fitting of low-degree polynomials to local-
ized subsets of the data. 

The coefficients of the polynomial are calculated, minimizing: arg min ∑ ,  (7) 

where w is a weight function; xquery is the query point nearest neighbours of which will 
get the largest weights. The weight function w depends on the Euclidean distance (in 
scaled space) between the point of interest xquery and the points of observations x. The 
kind of weighting for Gaussian weight function implemented is: , exp                                             (8) 

where  is a coefficient (bandwidth is n , where n is the number of total points) and 
the  is a scaled distance from the query point to the ith point in the training data set:   ,                                                    (9) 

where ·  is the Euclidean norm; xfarthest is the farthest training point from the point 
xquery. The locality of the approximation is controlled by varying the value of the  
coefficient . If  is equal to zero then local approximation transforms into global 
approximation. 

The best approximation has been obtained using degree 6 and bandwidth 58.75. 

K-Nearest Neighbours (K-NN).  K-NN technique [26] is a nonparametric method, 
which generally, can be written as: ∑∑                                                     (10) 

where   is the output value of ith point from the k points nearest to the query point x 
and wi is the weight of that point. Here closeness implies the Euclidean distance. In 
this case the distance weighting schemes used is: 1  1,2, … ,                                       (11) 

where  is the input value of ith point from the nearest ones. 
The best approximation has been obtained using number of nearest neighbours = 6. 

4   Results 

Once the models were trained, they were tested getting the following results in terms 
of MSE: 

With showed results, it is possible to conclude that the best models are ANN and 
SMV-LS. They are more than 10 times better than the other tested methods. ANN and 
SVM-LS obtain similar results, but the computational cost required for training proc-
ess of SVM-LS is so much higher than ANN. The main reason is due to the required 
optimization process of SVM-LS for getting the best parameters (γ,σ) necessary for 
the training process, but once it has been trained, the computational cost is the same 
as ANN.  
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Table 1.  Results for each of the applied methods 

Method Parameters MSE (Test dataset) 
ANN 1 hidden layer, 20 neurons, log sigmoidal 

activation function 
0.000031147 

SVM γ 2.1515 e , σ 1.99477 0.000031634 
Polynomial Degree = 5 0.033615344 
LWP Degree 6 and bandwidth 58.75 0.00022042078 
KNN Number of nearest neighbours = 6 0.49652762 

5   Conclusions 

With the novel approach to obtain the extinction angle, as a principal conclusion, put 
in highlight that very good results have been achieved in general terms. With the in-
telligent model created based on Soft computing techniques is not necessary to solve 
the non-linear equation well analytically or by simulation. 

As can be seen in results section the best approximation is obtained with ANN, 
where the MSE has a value minor than 0.000032. Other techniques allow good results 
like SVM or LWP. With any of them, the angle extinction would be calculated, 
among others because the real components have tolerances around 5%. 
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Abstract. This paper describes an approach for assessing the level of
stress of users of mobile devices with tactile screens by analysing their
touch patterns. Two features are extracted from touches: duration and in-
tensity. These features allow to analyse the intensity curve of each touch.
We use decision trees (J48) and support vector machines (SMO) to train
a stress detection classifier using additional data collected in previous
experiments. This data includes the amount of movement, acceleration
on the device, cognitive performance, among others. In previous work we
have shown the co-relation between these parameters and stress. Both
algorithms show around 80% of correctly classified instances. The deci-
sion tree can be used to classify, in real time, the touches of the users,
serving as an input to the assessment of the stress level.

1 Introduction

There are many scenarios in which the use of stress-aware applications could
be of interest to improve the performance and quality of work of organizations.
In general there is an interest in the scientific community for applications that
can acquire and use meaningful information from the user’s context. In [7], the
authors provide a review of several context-aware applications published in con-
ferences and journals between 2000 and 2007. Moreover, the authors also suggest
a new classification framework of context-aware systems and explore each of its
features. In this scope and given the nature of stress, soft-computing approaches
can be very useful [11].

Stress is evidently part of this context information and can be quite impor-
tant, depending on the scope of the application. In [8], a system to support tacit
communication between fire-fighters with multiple levels of redundancy in both
communication and user alerts is presented. This system supports decision and
planning based on the level of stress of the fire-fighters, in real time, allowing a
better management and security of the personal in the field. Applications for do-
mestic environments also exist. In [9], a Conflict Manager to resolve conflicts for
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context-aware applications in smart home environments is presented. Conflicts
arise when multiple users access an application or when various applications
share limited resources to provide services. In order to resolve conflicts between
users the Conflict Manager looks at parameters such as their levels of stress.

In this paper, we exploit the fact that tactile devices are nowadays relatively
common and available. Moreover, many professions require or welcome their
use, such as medical personnel, the military, fire-fighters, among many others.
We propose a statistical classifier that is able to assess the level of stress of the
users by analysing their touch patterns. The two features considered are the
variation of the intensity and the duration of the touch.

2 Background

The word stress has many connotations and definitions based on various per-
spectives of the human condition. Many experts endorse the original definition
of stress concept to the one proposed by Hans Selye [6]. He defined stress as a
non-specific response of the body to any demand placed upon it. Selye defined
external demands as stressors (the load or stimulus that triggers a response)
and the internal body changes that they produce as the stress response.

However, specialists have expanded the previous concept of stress. Now, it is
seen as the inability to cope with a perceived threat to one’s mental, physical,
or emotional well-being, which results in a series of physiological responses of
adaptation. Researchers started to focus on the cognitive and behavioural causes
of 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 by virtue of the cognitive interpretation of the individual.

Given the complexity of stress and its effects, a multi-modal approach is applied
to obtain a more complete schematic description, that accounts for its known or
inferred properties. These modalities include quantifiable measurements on the

Fig. 1. A high-level information model about stress
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user’s physical appearance, physiology, behaviours and performance. Figure 1 de-
picts the multi-modal approach used.

The context node is divided in two types according to the source of con-
textual 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 users profile. These attributes are the age, gender, working
area, social status, personality traits among others. The dynamic behaviour re-
flects the contextual attributes related to the users activity. The environmental
information fuses the physical environment characteristics, social environment
information and computational environment measurements. Physical environ-
ment includes attributes such as the time, temperature, location, noise level,
and luminance. High levels of noise, extreme temperatures and low levels of
luminance are well known potential stressors. The social environment includes
issues such as the population density around the user. The computation environ-
mental 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 be-
havioural node are the user’s 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 and response, where the accuracy feature is related to
the precision of the touch and the response feature corresponds to the analysis
(qualitative and temporally) of the users responses to the platform demands. The
physiological variables provide observable features about the users stress state
[10]. These features include the Galvanic Skin Response (GSR), that assesses
the electrical proprieties of the skin in response to different kinds of stimuli, the
General Somatic Activity (GSA) that assesses the minute movement of human
body and others such as respiratory rate or pupilographic activity. Physical ap-
pearance includes the visual features that characterize the users eyelid movement
such as pupil movement (e.g. eye gaze, papillary response), facial expression or
head movement.

3 A Non-invasive Environment for Detecting Stress

The experiment detailed in section 5 was undertaken in the Intelligent Systems
Lab, in the University of Minho. In this lab, we built a closed environment with
the main objective of monitoring several interaction parameters that could be
related to stress: the stress lab. This stress lab allows for a user to interact with
specific applications while being fully monitored in a non invasive way. It is
composed of several devices that can acquire information from the user’s con-
text (Figure 2). Table 1 presents a brief description of the main functionalities
of these devices.
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Fig. 2. Devices used to study the effects of stress in the interaction parameters

We are interested in devices that can provide us with some information about
the user but without interfering with the interaction or with the activities being
performed. This environment allows us to capture information about the follow-
ing parameters: Touch Accuracy, Touch Intensity, Touch Duration, Amount of
Movement, Acceleration and Cognitive Performance. In previous work we have
performed significance tests on these parameters to find differences at the level of
the user due to stress (see for example [1,2]). In this paper, we use this test envi-
ronment and, supported by the results previously achieved, we train a classifier
that can distinguish between ”stressed” and ”calm” touch patterns.

Table 1. Brief description of the devices that compose the stress detection environment

Device Brief description Main features

HP Touchs-
mart

All-in-one PC touchscreen, web cam, large screen

Samsung
Galaxy Tab

Tablet PC touchscreen, web cam, accelerome-
ter, relatively large screen, mobile,
Android OS

HTC PDAs Smartphones touchscreen, camera, accelerome-
ter, mobile, Android OS

Sony FCB-
EX780BP

25x Super HAD PAL
Color Block Camera
with External Sync

25x Optical Zoom, Image stabilizer,
Day/Night Mode, Privacy Zone
Masking

4 Feature Extraction

To assess the level of stress of each touch, out system relies on the event listeners
provided by the Android framework. An event listener is an interface in the View
class that contains a single callback method that will be called by the Android
framework when the View to which the listener has been registered is triggered
by user interaction with the item in the UI. For the purpose of this paper,
our system uses the onTouch() callback method, which is called when the user
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performs an action qualified as a touch event, including a press, a release, or
any movement gesture on the screen (within the bounds of the item). Thus, in
each touch of the user on an item of the UI several touch events are fired: one
when the finger of the user first touches the screen (identified by the action event
ACTION DOWN), several while the user is touching (depending on the duration of
the touch) and one when the finger releases the screen (identified by the action
event ACTION UP).

Each of these events has information about the intensity of the touch (via
the getPressure()method) quantifying the pressure exerted on the screen and
about the position of the event. Moreover, when each event is fired our system
registers it with the current time. This allows to visualize the evolution of a
touch in terms of its intensity over time. Moreover, from this information we can
also extract the duration and intensity features.

Duration Features. The duration of a touch is defined as the difference be-
tween the time-stamps of the action events ACTION UP and ACTION DOWN. One
of the hypothesis being tested is that the stress of a user will have an influence
on the duration of the touch, hence our interest. The duration of the touch can
however be influenced by factors other than the stress. Namely, the type of item
of the UI being touched. In that sense, we do not use for this purpose events
fired by items such as sliders or by scrolling pages. For the purpose of this ex-
periment, we are just interested in the standard touches used to interact with
buttons, inputting text and similar actions.

Intensity Features. The intensity of a touch event depicts the force exerted
by finger of the user when touching the device. Given that each touch event
includes a pressure and that each touch fires several touch events (as described
in section 4), it is possible to analyse the variation of the intensity throughout
all the touch, from the moment the finger touches the screen to the moment it
releases it.

Concerning this temporal evolution of the intensity of the touch, we are in-
terested in the initial and final value of intensity of each touch as well as its
maximum and mean values. First we will thus test the hypothesis that stress
can influence these parameters and that there are significant differences in at
least some of them between a stressed and a calm user.

5 Experiment Design and Methods

The main goal of this experiment is to investigate if it is possible to build a
classifier for touch patterns that can be used in real-life applications to provide
some information about the level of stress of the user. Our approach is to use two
standard and well known machine learning tools: a decision tree constructor and
a support vector machine. As the decision tree constructor we use the J48 algo-
rithm - the java implementation of the C4.5 [3]. As support vector machine, we
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use the SMO function, which implements John Platt’s sequential minimal opti-
mization algorithm for training a support vector classifier [4]. These experiments
were performed using the Weka workbench (Weka 3.6.3) [5].

The results of the two classifiers will be compared by looking at some per-
formance measures such as the percentage of correctly classified instances, the
Kappa statistic (which is a chance-corrected measure of agreement between the
classifications and the true classes) and the ROC area.

We have a particular interest in using decision trees since a model of a decision
tree can then be used to classify, in real time and in a real life application, the
level of stress of a user, by following the explicit rules defined by the model.

5.1 Dataset

The dataset used during this experiment was collected in the Intelligent Systems
Lab of the Department of Informatics, at the University of Minho. To collect
the data, a group of 18 users was asked to play a game that included performing
mental calculations and could also include memorizing some intermediary results
for posterior use. During the game, the users could be subject to stress in the
form of unexpected repetitive and annoying sounds, vibration of the handheld
device or a time limit.

With this setting it was possible, in previous experiments, to build the dataset
depicted in table 2, that allowed us to determine how each user is affected by
stress through significance tests, and develop personalized stress models. More-
over, a generic model was also developed that can be used, although with ex-
pected smaller accuracy, when no personalized data about a user is available.

Table 2. Description of the dataset used as a basis for building the classifier

data brief description size

Acceleration Data concerning the acceleration felt on the hand-
held device while playing the game

27291

Maximum intensity
of touch

Data about the maximum intensity of each touch
in a touchscreen

1825

Mean intensity of
touch

This dataset contains data about the mean inten-
sity of each touch event in a touchscreen

1825

Amount of move-
ment

A dataset containing information about the
amount of movement during tests

25416

Touches on target This dataset contains information about the ac-
curacy of the touches

1825

Stressed touches A dataset containing information that allows to
classify each touch as stressed or not stressed

1825

Score A dataset describing the performance of the user
playing the game, during the tests

321

Touch duration A dataset containing the duration of each touch
event

1825
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5.2 Experiment Design

All the parameters in table 2 are correlated with stress, with some users show-
ing more significant results than others. In previous work we have studied this
relation. We will now focus on how we use this information to build a classifier.

As previously described, each touch in the screen results in several touch
events that are fired during the time of the touch. This number varies according
to the duration of the touch. In that sense, this data for each touch, as it is,
cannot be used to build a classifier (each touch would have a potentially different
list of values of intensity, one for each touch event). Figure 3 (a) highlights this
by depicting different types of touches.

Fig. 3. (a) 10 different touch patterns from users: touches can be composed of a different
number of touch events. The orange lines depict touches classified as ”calm” whereas
the blue lines belong to touches classified as ”stressed”. (b) Fitting a polynomial curve
(blue curve) to a given touch (orange line).

To tackle this problem we explored the fact that the intensity from all the
touches follows a similar shape: a convex curve that grows to a maximum point
and then decreases. Thus, the approach was to fit a second polynomial degree
curve to each touch pattern. To perform this fitting in real-time the proposed
system uses J/Link, the Mathematica’s Java interface that allows for controlling
Mathematica Kernels from Java programs. Specifically, we use the Fit[data,

funs, vars ] function which finds a least-squares fit to a list of data as a linear
combination of the functions funs of variables vars. To implement this we are
using Mathematica R© v8.0. An example of this approach is depicted in Figure
3 (b). Given that the second degree polynomial curves are of the type y =
ax2 + bx+ c we can compare the parameters of the curve of each touch pattern:
similar values of a,b and c indicate similar curves, thus similar touch patterns.
Hence, the input for the classifier are three numeric attributes a,b and c (the
independent variables) and a nominal attribute that describes the state of the
user at the time of the touch as ”stressed” or ”not stressed” (the dependent
variable). The classifiers were trained using this data, comprising a total of 349
instances.
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6 Results and Conclusions

Since selecting the optimal parameters for an algorithm may be a rather time-
consuming process, to implement this experiments we used a meta-classifier pro-
vided by weka that allows to optimize a given base-classifier. Specifically, we
used the weka.classifiers.meta.CVParameterSelection. After finding the
best possible configuration of parameters, the meta-classifier then trains an in-
stance of the base classifier with these parameters and uses it for subsequent
predictions. The meta-classifier was used with lower bound 0.01, upper bound
0.5 and 10 optimization steps.

When using the J48 classification tree as the base classifier for the meta-
classifier, the model is able to correctly classify 271 out of the 349 instances,
which amounts to 77.6504%. The Kappa statistic for this model is 0.5434 and
the value of the ROC area is 0.796. The constructed tree has a size of 15 nodes
and a total of 8 leaves (Figure 4 (a)). In this tree, attributes x0,x1 and x2

correspond to the values of a, b and c of the polynomial curve, respectively.
Given this, it is possible to use the rules of this tree to build a classifier for
distinguishing between stressed and calm touch curves.

When the SMO function is used to build a classifier, the results achieved are
similar. In fact, the correctly classified instances amount to 79.9427% (279 out
of 349), the value of the Kappa statistics is 0.5809 and the value of the ROC
area is 0.781. These results also show that a classifier can be trained with this
data to distinguish between stressed and calm touches. Given that the results of
both classifiers are similar, we decided on using the J48 tree since it can easily
be used by our system to classify touches in real time.

To evaluate the performance of the tree, we used it to classify, in real-time,
the touches of 16 users during one of the experiments performed. In short, each
user had to perform mental calculations under different levels of stress ranging
from 1 (with no stressors) to 5 (with maximum level of stress induced). While
the touches were being classified in real time, the remaining of the parameters
described in section 3 were also under monitoring. This allowed us to ensure
that there were significant differences on other parameters due to stress as well.
In the worst case only one parameter showed significant differences and, in the
best case, 5 different parameters showed significant differences for the same user.
Concerning all the data, in average each user shows significant differences in 3
out of 6 parameters, which allowed us to conclude, in previous work, that stress
does have an effect on these behavioural parameters.

Thus, what we did in this experiment was to analyse the behaviour of the clas-
sifier for each user under each level of stress and determine if the results of the
classifier were in line with the results of the remaining parameters. Concerning
the data collected from the 16 users, 13 show an increase in the touches classified
as stressed when comparing the data from level 1 with the data from level 5. The
minimum value of increase detected was of 6%, the maximum value of increase
was of 60% and the mean increase of touches classified as stressed, for all users,
was of 32.3077%. The three users for which the classifier reported a decreasing
percentage of stressed touches for increased levels of stress have shown relatively
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low values of decrease (-2.5%, -5% and -1%). This means that the results of the
classifier are consistent with the ones previously achieved in 81.25% of the cases.
Figure 4 (b) depicts the mean increase of the touches classified as ”stressed” in
each of the five levels of stress of the experiment.

Fig. 4. (a) J48 prunned tree generated by the algorithm. This tree can be used to
classify touches in real time as stressed (”yes” leaves) or not stressed (”no” leaves). (b)
Mean increase in the percentage of touches classified as ”stressed” in each of the five
levels of stress concerning all the users.

Moreover, we have to state that the classifier was built as a generic model,
i.e., we used data from all the users. We believe that better results would still be
achieved if we were to develop personalized classifiers. This, however, was not
the objective of the paper. Given this, we can conclude that it is possible to build
a classifier for assessing the touches of users in a touch screen, based on their
shape, and classify them as ”stressed” or ”not stressed”. This, by itself is not
enough to describe the level of stress of a user but can certainly be a significant
input that can be used with that purpose, in conjunction with other inputs, as
shown in this paper.
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Abstract. Rule-based evolutionary systems like learning classifier system are
widely used in industry and automation. In some types of problems we have ad-
ditional information about problem solution. This information can be used in the
process of problem solutions. A rule-based system can be augmented by addi-
tional information concerning the given problem to enrich the process of system
adaptation to solve the problem. In many pattern matching tasks we know the pat-
terns and we are looking for a pattern identification in environment. We provide
representative of a rule-based learning classifier system augmented with infor-
mation about a property of solution. The augmented system solves an example of
pattern matching problem of simple Battleship game. This modified learning clas-
sifier system provides better convergence results by using the probability model
of the Battleship game problem space.

1 Introduction

Rule-based systems are using strength of symbolic rules [7] to solve various complex
tasks. One of the main practical uses of rule-based systems is solving classification
problems. Often used rule-based systems are those where rules are condition-action
type. These rules contain conditions in the form of if-then.

Rule-based systems can be divided into two categories in terms of adaptation to
solve problems. The first category represents rule-based systems where the set of rules
is given explicitly. The second category represents rule-based systems where the set of
rules is developed somehow. The development of rules is not an easy task, especially if
dealing with complex problems. In addition to solving complex problems is the explicit
identification of these rules practically impossible.

A learning mechanism of rule-based system is executing adaptation to solve given
task properly. Learning adaptation process can be executed online while system practi-
cally works or offline before system is set to real environment. Offline learning process
is usually used if rule-based system is about to solve problem which occurs rarely.
Offline learning rule-based systems are widely used in industry and automation, for
example when detecting an error depending on multiple detector outputs.

Research on Learning classifier systems is mostly concerned with their application
in datamining. This research is provided by Learning Classifier Systems Group, Uni-
versity of the West of England, Bristol since 1999. In this paper we provide an effective
example of LCS architecture modofication.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 267–276.
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2 Related Work on Soft Computing

Many related work is concerning hard problem solutions. These problems are very
complex and in information system applications fast decision-making is essential. Soft
computing [1] is a representative of science field concerning aspects of complex task
solutions and applications since early 1990s [21]. Soft computing is currently modern
field of interest because many tasks can be solved faster by using inexact approaches.
Various practical application examples [5,16] and theoretical studies can be found in
current field of scientific research works.

LCS is using heuristic information evaluation and non-deterministic processes to
solve classification tasks. Valid classification results can be used to solve many complex
tasks by providing heuristic information about current state of concerned environment.
Soft computing aspects of LCS have been well discussed in recent years [3].

3 Simple Learning Classifier System

Learning classifier system (LCS) as described by Holland [9,10] and later by Butz [4],
Bull [2,3] and others is rule-based [6,11] evolutionary learning system. LCS consists of
set of rules (referred to as rule set) usually described as population of classifiers, learn-
ing mechanism which is usually a genetic algorithm (GA) and rule evaluation method,
usually the Reinforcement learning [8,19] (RL) mechanism, typically the Q-learning
algorithm [20]. We distinguish between Michigan-style LCS [13,14] where we are
searching for single solution and Pittsburgh-style LCS [17] where we are searching
for multiple solutions [4]. We focus on Michigan-style accuracy-based LCS usually
referred as XCS [4].

3.1 Rule Set in LCS

Rule set in LCS consists of classifiers [4]. These classifiers represents the knowledge
base of LCS. Classifier described as rule consists of matching condition, action executed
and reward prediction value. Matching condition of classifier covers problem subspace.
If matching condition is corresponding to actual state of environment action can be
executed. Classifiers compete to be applied so their action which changes a current
state of environment can be executed.

3.2 Genetic Algorithm in LCS

From the view of GA, rule set is the population of classifiers [4]. This population is
evolved by typical GA mechanisms as selection, reproduction, mutation, recombination
and deletion of classifiers. After new classifiers are created by evolutionary process,
other classifiers can be deleted from population and newly created classifiers take their
place by creating next population generation.

GA uses selection of classifiers like widely used techniques of roulette selection or
tournament selection. In typical GA, selection is based on fitness function values. In
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LCS, reward prediction value of classifier represents its fitness function value which is
gained by RL mechanism as response from an environment.

After a subset of classifiers is selected it can be reproduced and evolution process
can be executed. Classifier matching condition with action as gene can be divided into
building blocks (BBs) [4]. Recombination of classifiers is usually executed by crossover
of building blocks between multiple classifiers. To some of resulting classifiers, mod-
ification called mutation can be applied usually by slightly changing their matching
conditions.

Many other techniques are used to evolve classifiers, for example Classifier Fusion
Methods [15]. In this paper we provide model based heuristic to evaluate classifiers.

3.3 Q-learning as Reinforcement Learning Mechanism in LCS

RL mechanism in LCS is used to evaluate classifiers for proper classifier selection in
GA and also in selection of classifier which is applied to change an environment by
executing an action of classifier. The higher reward prediction value of classifier is
calculated if action of classifier changes the state of environment to a state which is
closer to problem solution.

Calculation of reward prediction value can be executed by Q-learning algorithm [20].
Q-learning algorithm uses Q-values as reward prediction values to evaluate a classifier
by state s and action a. Q-values are updated by equation 1 [4].

Q(s,a)← Q(s,a)+β (r+ γ maxa′Q(s′,a′)−Q(s,a)) (1)

In Q-learning algorithm we use parameters like learning rate usually of value β ∈
〈0.8,1) to control classifier reward prediction values calculation properly.

3.4 How Learning Classifier System Works

Single iteration of LCS starts with an information based on actual state of an envi-
ronment. Whole population of classifiers is filtered by selecting only those classifiers
whose conditions are matching the actual state of an environment. This subset of clas-
sifiers produces the match set.

After the match set is created, reward-based action selection is made. There are sev-
eral techniques we can use for this purpose like selecting an action of classifier with
the highest reward prediction value. Other option is selecting an action of classifiers
with the highest average reward prediction value. Usually the random action selection
of classifier is executed with some small non-zero probability ε ∈ (0,0.1〉.

As we have successfully determined action to be executed it can be executed in
an environment. Now we filter match set by selecting classifiers corresponding to the
action executed. Resulting set of classifiers produces an action set. Reward prediction
values of classifiers in the action set are updated usually by RL mechanism (Q-learning
algorithm) as response from an environment and updated reward values are propagated
to original population of classifiers.

Finally, GA executes evolutionary process iteration and therefore population of clas-
sifiers is modified by creating next generation of classifiers. Simplified iteration between
LCS components is shown in figure 1.
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Fig. 1. Diagram showing interaction between LCS components in single iteration. Classifier popu-
lation is filtered into match set corresponding to the actual environment state. Match set is filtered
by selected action resulting into action set. Classifiers reward prediction values are updated by RL
mechanism as an response from an environment. At the end of iteration GA is applied to handle
classifier population.

Multiple iterations are executed one by one and population of classifiers is developed
resulting into high quality rule set. Learning mechanism based on repeated iteration is
used for LCS adaptation to solve the given problem.

In section 6 we provide the modified LCS architecture, augmented with the additional
information about problem solution. This additional information is a model of simple
pattern matching problem, described in section 4. In section 6 we provide the numeric
comparison of these two approaches.

4 Model Driven Decision Process

Model driven architectures are widely used in many approaches for faster convergence
to search for problem solution like neural networks [12,18] and many others.

We provide an example of simple pattern matching problem to describe the model
driven decision process. Our problem space consists of two-dimensional discrete array
of size n×m, in our example 7× 7. This problem space includes two patterns of size
1×3 which cannot overlap each other or have a common edge. In section 5 we provide
a simple implementation example of this environment.

Generally each of 7× 7 = 49 positions could be revealed or unrevealed. Initially
all positions are unrevealed. We can reveal each position to find out if it hides part of
pattern or not. Our goal is to completely match both patterns and successfully uncover
them with minimum reveal steps taken.

This task can be described as the special case of the Battleship game from the view of
single player. Our problem space we can describe as an enemy battlefield and two pat-
terns as two enemy battleships placed in the enemy battlefield. Our goal is to completely
sink both enemy battleships with minimum hit attempts performed. Unsuccessful shoot
attempt we mark as miss.
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We provide an example of a current state of environment after first hit. First suc-
cessful hit attempt is completed and therefore first position of first pattern is revealed.
Our goal is to increase probability of next hit attempt to be successful. This state of
environment is shown in figure 2.

legend:

miss

hit
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D
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F
G

1   2    3   4    5   6    7

I
II

II
I

I

I

Fig. 2. View of the two dimensional problem space with one successful hit to black marked posi-
tion D4. Unrevealed positions are marked grey and miss positions are marked white.

legend:
first reveal

rest of the
pattern
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Fig. 3. Visual display of all possible pattern position options Oa, Ob, Oc, Od, Oe and Of accord-
ing to first hit position. Options Oa, Ob, Oc are vertically oriented and options Od, Oe and Of are
horizontally oriented.

If first part of pattern is hit, generally there are six possible options of pattern po-
sition according to first hit part of pattern. These options Oa, Ob, Oc, Od, Oe and Of
are shown in figure 3. In current state of environment shown in figure 2 only possi-
ble pattern position options according to first hit position D4 are Oa, Od, Oe and Of.
Each unrevealed position which can be covering remaining hidden position of pattern
is marked bold.

Figure 2 also shows number of flags. Single flag for single position marks that this
position is covered by single pattern position option according to first hit position.
Therefore the number of flags for each position means number of pattern position op-
tions covering this position in the environment.
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From number of flags we can calculate covering probability (Cp) for each position p.
Cp of position p is calculated by number of flags given to this position and total number
of possible pattern position options of this state s given by equation 2.

Cp(p) =
p f lags count

s coveringoptions count
(2)

Cp gives us information about hit probability (Hp) calculated by equation 3 or 4
where Cp is multiplied by number of hidden parts of current pattern. Table 1 shows
us non-zero covering probability and hit probability values of positions in our exam-
ple shown in figure 2. We take into account number of unrevealed parts of current ship
(pattern missingparts count), which is 2 in our example.

H p(p) =Cp(p) · pattern missingparts count (3)

H p(p) =
p f lags count · pattern missingparts count

s coveringoptions count
(4)

Table 1. Positions with non-zero covering probability and hit probability values shown in table.
Note that sum of hit probabilities is 2 because if we shoot at each probable position we hit both
remaining parts of the pattern.

Hit attempt position Number of flags Covering probability Hit probability

B4 1 1/8 1/4
C4 2 1/4 1/2
D5 1 1/8 1/4
D6 1 1/8 1/4
E4 2 1/4 1/2
F4 1 1/8 1/4

∑ 8 1 2

As shown in table 1, positions C4 and E4 have the highest probability to contain one
of remaining parts of the pattern. Therefore choosing one of these positions to shoot is
reasonable.

Next example shows uncovered part of second pattern at position F1 after the first
pattern successfully matched. Current state of the environment is shown in figure 4.
Covering probability and hit probability values are shown in table 2.

According to probability values shown in table 2, position E1 have the highest prob-
ability to successfully result into hit. Therefore it should be picked as the best candidate
to reveal. Even if position E1 is not including another part of pattern it is reasonable to
choose this position at first.
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Fig. 4. View of the two dimensional problem space of second example of environment state with
the first pattern successfully matched

Table 2. Position covering probability and hit probability values of the second state of an envi-
ronment example

Hit attempt position Number of flags Covering probability Hit probability

D1 1 1/6 1/3
E1 2 1/3 2/3
F2 1 1/6 1/3
F3 1 1/6 1/3
G1 1 1/6 1/3

∑ 6 1 2

5 Simple LCS Environment and Classifier Implementation

Current states of environment given as examples in section 4 are represented by an array
of 7× 7 symbols from three-character alphabet α = {0,#,1}. Each position of current
environment is represented by a single character. Complete state information is given
as s = [0,#,1]7x7. Unrevealed position in an environment is represented by # character,
miss position is represented by 0 character and successful hit position is represented by
character 1.

As mentioned in section 3, classifier in LCS consists of matching condition, action
and reward prediction value. In our case, the matching condition attribute we implement
also like state information as an array of 7×7 characters of alphabet α = {0,#,1}. Miss
position is represented by character 0 attribute, hit position is represented by character
1 attribute and character # means that the corresponding position attribute value we do
not take into account. Action attribute we represent as position identification or pointer
which identifies exact position to be revealed if action executed. Reward prediction
value we represent as a real-like number of real type variable.
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6 Model Driven Classifier Evaluation in LCS

In classical LCS architecture, selection of action is based on reward prediction values
of classifiers in match set. After action is selected, match set is filtered resulting into
action set. Reward prediction values of classifiers from action set are updated by Q-
learning RL mechanism. Q-learning update of classifiers reward prediction values is
based on prediction how action of classifier changes a current state of an environment.
If changed state of environment is closer to problem solution, higher reward prediction
value is given to classifier.

In our modified LCS, we use hit probability of position which action of classifier
points to as to be revealed if action executed. Hit probability of each position is calcu-
lated as shown in section 4. Classifiers whose actions are pointing at position with the
highest hit probability are selected from match set resulting into action set.

We provide simulation results to compare strategy convergence of classical LCS ap-
proach where Q-learning algorithm is used as the RL mechanism for classifier evalua-
tion, compared with our approach where classifier evaluation is based on hit probability
model. Average simulation results are shown in table 3.

Table 3. Average simulation results showing classifier population quality during adaptation pro-
cess. We have done 20 simulation runs. System was well adapted after 2000 LCS iterations.
Table shows average number of hit attempts of LCS with Q-learning algorithm and model driven
heuristic classifier evaluation by matching two patterns in our simple example.

Iterations taken Q-learning
I.pattern

Q-learning
II.pattern

Model-driven
I.pattern

Model-driven
II.pattern

0 28.6 41.3 26.7 42.5
200 28.1 40.5 27.9 40.9
400 26.3 40.9 26.4 36.2
600 27.9 36.3 24.1 35.7
800 26.6 37.1 22.2 32.4
1000 24.0 35.9 19.0 29.1
1200 23.2 31.4 17.4 23.0
1400 21.9 27.7 14.7 24.8
1600 14.4 22.3 15.6 20.6
1800 13.6 22.2 12.8 21.3
2000 13.7 21.7 13.8 22.8

Convergence speed is measured by number of iterations. Results are showing quality
of rule-set measured by average hit attempts of system to match two patterns. According
to problem definition, goal is to completely match two patterns of size 1× 3. The best
possible result of matching run is made by 6 successful hit attempts and no miss. The
worst possible result of matching run is to uncover all positions with last remaining part
of pattern uncovered as the last attempt. Therefore, the worst case of matching run is
49 hit attempts. Modified LCS enriched by probability model information have faster
convergence speed than original LCS by solving our simple pattern matching example.
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7 Conclusion

LCS by solving pattern matching task can use an additional information about problem
solution to enrich the process of finding solution. LCS augmented by success probability
information which is used as reward prediction value of Q-learning algorithm ensures
system adaptation to problem solution search task.

This modified LCS architecture ensures more general emergence of reasonable de-
cision strategy of rule set in LCS. This approach can be applied if model of problem
can be described well. Therefore successful action result probabilities can be easily
calculated and included into classifier selection process. If given problem has complex
problem space and additional information about problem solution is available, it can be
implemented into LCS to help to solve a pattern matching problem.
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11. Kovacs, T., Llorà, X., Takadama, K., Lanzi, P.L., Stolzmann, W., Wilson, S.W. (eds.): IWLCS
2003-2005. LNCS (LNAI), vol. 4399. Springer, Heidelberg (2007)

12. Kriesel, D.: A Brief Introduction to Neural Networks, Zeta version (2007),
http://www.dkriesel.com

13. Lanzi, P.L.: Learning classifier systems: then and now. Evolutionary Intelligence 1(1), 63–82
(2008)

14. Lanzi, P.L., Stolzmann, W., Wilson, S.W. (eds.): Learning Classifier Systems: From Founda-
tions to Applications. LNCS (LNAI), vol. 1813. Springer, Heidelberg (2000)

http://www.nbu.bg/cogs/events/2000/Readings/Petrov/rltutorial.pdf
http://www.nbu.bg/cogs/events/2000/Readings/Petrov/rltutorial.pdf
http://www.dkriesel.com


276 L. Clementis

15. Ruta, D., Gabrys, B.: An Overview of Classifier Fusion Methods (2000)
16. Sedano, J., Curiel, L., Corchado, E., de la Cal, E., Villar, J.R.: A soft computing method for

detecting lifetime building thermal insulation failures. Integrated Computer-Aided Engineer-
ing 17(2), 103–115 (2010)

17. Sigaud, O., Wilson, S.W.: Learning classifier systems: A survey. Soft Computing 11(11),
1065–1078 (2007)

18. Smith, M.: Neural Networks for Statistical Modeling. Thomson Learning (1993)
19. Sutton, R.S., Barto, A.G.: Reinforcement learning: an introduction. In: Adaptive Computa-

tion and Machine Learning. MIT Press (1998)
20. Watkins, C.J.C.H., Dayan, P.: Q-learning. Machine Learning 8(3-4), 279–292 (1992),

http://jmvidal.cse.sc.edu/library/watkins92a.pdf
21. Zadeh, L.A.: Fuzzy logic, neural networks, and soft computing. Communication of the

ACM 37(3), 77–84 (1994)

http://jmvidal.cse.sc.edu/library/watkins92a.pdf


V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 277–286. 
springerlink.com                                                                © Springer-Verlag Berlin Heidelberg 2013 

Local Model of the Air Quality on the Basis  
of Rough Sets Theory 

Filip Mezera and Jiří Křupka 

Institute of System Engineering and Informatics, Faculty of Economics and Administration, 
University of Pardubice, Studentská 84, 532 10 Pardubice, Czech Republic 

st5360@student.upce.cz, jiri.krupka@upce.cz  

Abstract. This article deals with the air quality modelling in two selected lo-
calities in the Czech Republic (CR). Data for the modelling were gained from 
the public sources. Primary source was the data server Czech Hydro Meteoro-
logical Institute (CHMI). Rough set theory (RST), Decision Trees (DTs) and 
Neutral Networks (NNs) were used for the analysis and the results comparison. 
At the end of the article there is the possible usage of the outputs of the models 
described. Outputs can help with the health protection of the inhabitants 
through the regulations set by the public administration authorities.  

1   Introduction 

Risks connected to the polluted air are the ones of the main environmental dangers 
[26,31], which are solved not only by regions, countries, but also by international or-
ganizations. This article deals with the synthesis and analysis of the air quality model 
in the selected localities of Czech Republic  (CR).  The model is aimed at dust parti-
cles (PM10) and weather character in two selected localities CR – Pardubice and Os-
trava’s neighbourhood. PM10 were selected, because they create an important part of 
the air quality and then they also carry the dangers of respiration diseases. Above all, 
small children can suffer from asthma or chronic inflammation of the upper respira-
tory tract [19]. Dust particles also carry carcinogenic substances which make higher 
the cancer risk significantly [2,3,28,31]. 

Using of methods of artificial inteligence in the weather conditions has been de-
scribed in many articles, for example in [4]. Problematic of the air quality modelling 
in the CR regions was solved in the years 2007-2011 within the National Programme 
of Research of Ministry of Environment CR “The environment and natural resources 
protection”.  It was a project no. SP/4i2/60/07 titled “Indicators for Valuation and 
Modelling of Interactions among Environment, Economics and Social Relations”. 
Suggested models used with data [21,22] from mobile and stationary meteorology sta-
tions in Pardubice’s neighbourhood. Theories of Neutral Networks (NNs), fuzzy sets 
(FSs), Rough Sets Theory (RST) and Decision Trees (DTs) were used for creating the 
classificatory models [21,22].  

Particular situation in every place is dependent on local conditions [6]. There are 
three main sources which participate at the overall level of the air pollution (pollu-
tion). First of them is the pollution from the big stationary sources (such as heating 
plants, power stations, ironworks etc.). Overall level of the pollution from these 
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sources is considered to be quite stable. Second source is the local heating. This 
source is distinctly dependent on the type of fuel which is used in the selected locality 
and then also on the weather. In the time of the decreasing temperatures the consump-
tion of fuel  and also the amount of substances in the air increases. The last part is the 
vehicular traffic, which significantly fluctuate between the main rush hours [2]. The 
public administration authorities can react directly with the effective remedies to de-
crease the level of pollution. E.g. in the years 2006, 2008, 2009 and 2010 were an-
nounced “regulation states” for the Moravian-Silesian region connected to the smog 
in the locality. This problem was, however, struggled in the big part of CR on 15th 
Nov. 2011, including Pardubice’s region.  Smog situation is defined in the regulation 
§8 art. 1 of the Act [32] as „state of the exceptional air pollution, where the level of 
air pollution by the polluting substance exceed the particular limit set by the imple-
mented regulation” explained, with reference to the article 1, that „the exceptional 
limit is thought to be the level of the air pollution, while exceeded, where is a risk of 
health harm or harm of the ecosystem in very short exposition time” (regulation §8 
art. 2 of the Act). The limit is 50µgm-3.  

 

 

Fig. 1. Five-day concentration of PM10  in Ostrava (Přívoz and Fifejdy) and  Pardubice (Dukla) 

At Fig. 1 is possible to see that the limits in Pardubice are slightly exceeded (13th 
Nov. 2011). This did not lead to the signal of warning.  

The warning is signalled unless the concentration of the suspended particles PM10 
exceeds the limit 100 µgm-3 in average within the last 24 hours. In Ostrava (measuring 
stations Přívoz and Fifejdy) at that time reached values of 200 µgm-3 and more. Situa-
tion in Pardubice was quite worse during the afternoon on 12th Nov. 2011, when it 
momentarily exceeded the value of 140 µgm-3. Values leading towards the warning 
signal were reached on 13th Nov. (3:00pm), when the average in the last 24 hours was 
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101.52 µgm-3. Measured values are accessible with 3 hours delay on the CHMI portal 
[7]. But  information about regulation state was publicly accessible with more than 18 
hours delay. Pardubice’s town hall published the smog announcement [18] the follow-
ing day, i.e. 14th Nov. 2011.  The next source of information for the inhabitants is re-
gional, especially public broadcasting. That informed about the situation on 14th Nov. 
2011 (10:36am) [5]. This situation does not correspond to the inhabitants needs. 
Mainly for seniors and young children exposed to the values higher than 100 µgm-3 
(double as high as allowed norms) is harmfull. At the present delay of system of 
warning can reach up to two days, from the first contravention of level of 100 µgm-3.  

One of the options in an increase of the present state is the proceeding the air qual-
ity model, which can be used for prediction of the future state.  It is possible to use the 
measured values of PM10, as well as the weather character. This has a huge impact to 
the air quality pollution [6]. If the model shows the high rate of accuracy, it could be 
possible to use it for informing the inhabitants.  

2   Problem Formulation 

Moravian-Silesian Region (Ostrava is its part) is the unique part in concentration of 
the large stationary sources of pollution (sources included to databases REZZO 1 and 
2). This part of the pollution does not have any momentary differences. They form the 
local level of the background, thanks to which the states of the pollution are better 
identified. Due to the often occurrence of smog situations, Ostrava’s neighbourhood is 
suitable for creation of the general model valid for the other CR regions. Air quality is 
monitored from the long-lasting point of view and in extreme situations can be regu-
lated. Their portion of pollution is between 30 to 50 % in Ostrava [8]. Local sources 
(households, small polluters) have significant portion at the situation in the local 
neighbourhood and their regulation is very difficult. There is an assumption of corre-
lation between the amount of giving off combustion products and the weather (espe-
cially the temperature). The portion at the pollution is 30-50 % in Ostrava, in the case 
of Pardubice it is estimated to 50 %. Other sources, such as traffic, can be regulated as 
well as momentarily and long-lastingly (travel by public transport for free, restrictions 
in entrance to problematic locations etc.). Their portion is between 15-40 % [2,3,8]. 

The weather plays the important role within the short-term air quality [8]. At the 
large sources we assume the independence in amount of harmful substances given off 
towards the weather [8]. At the small sources and traffic the correlation with the tem-
perature characteristics can be estimated [2]. Moreover, the inverse character of the 
weather and wind speed will influence negatively the air quality. They cause that the 
harmful substances accumulate at the exposed places [10]. 

Considering the low number of measuring stations in the city with lower normal 
level of pollution [6], as they are Pardubice or Hradec Králové, the model must be 
counted with specific level of generalization. In every locality it is then possible to 
monitor certain differences of maximal pollution values in the time [13]. Considering 
levels of pollution, which are used for warning and regulation, the differences need 
not to be reflected in the model.  
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Fig. 2. Model of air quality in the selected location 

2.1   Data Description and Pre-processing  

The values measured at certain areas function as indicators of air quality. Data about 
the weather are gained from meteorological stations at the airports Ostrava – Mošnov 
and Pardubice. Moreover, the inputs from the stationary stations measuring the pollu-
tion were used. For Ostrava there were stations: Bartovice, Českobratrská, Fifejdy, 
Mariánské Hory, Poruba, Přívoz, and Zábřeh. In Pardubice there is one station meas-
uring PM10 and that is at Dukla. Every factors and their impact to specific air pollu-
tion situation can be examined by modelling. In Pardubice the examination was done 
and outputs are in [12]. The examination was pursued with accurate data correspond-
ing to the local conditions. Situation with excessive amount of PM10 is not typical in 
Pardubice. It is assume, that the model specified for Moravian-Silesian Region would 
be calibrated gradually to the local conditions. The model uses 17 input variables, 
which are described in the following Table 1. 

For the dust particles classification the attributes l1, l2, m1, m2, …, m11, m12 are 
used. In the years 2006 to 2011 there was overall 451 observations selected. Training 
and testing sets contained 366 observations altogether from the year 2008. Validation 
set was created by the data from the years 2006, 2009, 2010 and 2011, when the air 
pollution limits were contravened. Data from the years 2007 and 2008 were not  
accessible. 

When model was created, the results mentioned in [12] were evaluated. 
The variables, which are relevant for the PM10, were selected for next treatment. The 
variables l1, l2, c1, c2, m9 and m10 were discarded, because they seemed to be a little 
relevant on the level of used generalization. From the parameters m1 to m6 were then 
derived 3 new variables d1, d2 and d3, which record the occurrence of the inverse 
character of the weather. Then the scale of air quality mentioned by CHMI was also 
used [6], Table 2. The derived variable d4 that describes the PM10 status in the time 
period t (i.e. minus 24 hours) was assigned by categories.  
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Table 1. Selected input variables of the model of the dust particles amount PM10 

Name of variable Variable Type 
of variable 

Station l1 set 
Type of station l2 set 
Day in the year  c1 discrete 
Day of the week c2 discrete 
Average/Maximal/Minimal day temperature city  m1/m2/m3 continuous 
Average/Maximal/Minimal day temperature 

Lysá Hora 
m4/m5/m6 continuous 

Average/ Maximal wind speed  m7/m8 continuous 
Wind direction in the morning/in the afternoon  m9/m10 discrete 
Air humidity/pressure  m11/m12 continuous 
Difference between the average/maximal/minimal 

day temperature in the city and at Lysá Hora 
d1/d2/d3 continuous 

PM10 in the time (last 24 hours average ) d4 continuous 
 

Table 2. Scale of air quality 

Index Air quality PM10 (average value per 1h in µgm-3) 
1 Very good  0 – 15 
2 Good  >15 – 30 
3 Satisfactory >30 – 50 
4 Convenient >50 – 70 
5 Bad >70 – 150 
6 Very bad >150 

3   Suggestion and Model Analysis  

Design of the model at the basis of RST is shown in Fig. 3. RST [1,15,24,25] is based 
on searching common features from the data. It works with uncertainty within the up-
per and lower approximation and boundary region. Design of the model follows  
the work [12,13], which confirmed the ability of RST usage during the air quality 
modelling.  

Categorized variables {k1, k2, k3, k4, k5, k6} (Table 3) were derived from the former 
variables {m7, m8, d1, m11, m12, d4} (Table 1) for the needs of RST usage thanks to the 
equidistant scaling, except k6. Their values and amounts of categories were set ex-
perimentally or come out of the description of the phenomenon due to [6]. Estimated 
parameter vy an average value of PM10 in the following 24 hours had only two cate-
gories. Results of RST model were compared with DTs (algorithms C5 a CRT) [14] 
and NNs. For algorithms DTs and NNs were used former continuous variables de-
scribed in Table 1. 

There were 23 rules generated for determining the output parameter of the model vy 
by software Rough Sets Exploration System (RSES) [29]. The rules were generated 
using the algorithm Learning from Examples Module 2 (LEM2) [9]. Obtained rules 
show the importance of each attribute. The most important parameters are inversion 
k3, wind speed k1 and average amount of PM10 in the last 24 hours k6. All ten rules  
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Fig. 3. Suggestion of the model via RST and its analysis 

 

consist of these parameters which determine the negative value of vy , i.e. vy =1. The 
most common negative rule is: 

IF  k1=0  AND  k3=1  AND  k6=2  THEN  vy = 1.                               (1) 

It means that, in case of the inverse character of the weather and slow wind speed, the 
air pollution stays concentrated at one place and makes the air quality worse in the se-
lected locality.  

Table 3. Categorized variables for RST 

Attribute / Name of atribute Values of attributes (0; 1;  2; 3; 4) 
k1 / Day average wind speed [ms-1] 0 is <9; 1 is 9–13; 2 is 13–17; 3 is 17–21  

and  4 is >21 
k2 / Maximal wind speed [ms-1] 0 is < 9; 1 is 9–14; 2 is 14–19; 3 is 19–24; 

4 is >24 
k3 / Inverse weather character [ºC/100 above 

the sea level] 
0 is <2; 1 is 2–5; 2 is >5 

k4 / Humidity [%] 0 is <66; 1 is 66–76; 2 is 76– 86; 3 is >86 
k5 / Pressure [hpsc m-1] 0 is <1005; 1 is 1005–1012,5; 2 is 1012.5– 

1020; 3 is >1020 
k6 / Average amount of PM10 in the last 24 

hours [µgm-3] 
0 is <22; 1 is 22–37; 2 is 37– 70; 3 is  >70 

vy / Average amount of PM10 in the follow-
ing 24 hours [µgm-3] 

0 is <70; 1 is >70 
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Accuracy of prediction reached 96.4 % (Table 4). 

Table 4. Confusion matrix 

 Predicted value 
0 1 

Detected value  0 65 2 
1 1 15 

 
The result 96.4 % was compared with the results of DTs [13] and NNs. From the 

suggested DTs there were two, which have the accuracy higher than 90 %. One of 
them used the algorithm C5-boost and the second the algorithm CRT-boost. NNs with 
the good results were Multi Layer NN (MLP) and Radial Basis Function (RBF) NN. 
MPL NN has 6 neurons in the hidden layer and RBF NN 10 neurons. Comparison of 
the model results is in Table 5.  

The verification of the results was done at the validation set (Table 5). Its specific-
ity was much higher ratio of the days with negative air quality. This results in lower 
accuracy of the examined methods. Prediction ability of the RST and algorithm C5-
boost and NNs methods is still quite high. Considering the complexity of the calcula-
tion and the following interpretation of the results, RST seems to be more robust and 
suitable for making a prediction model of the PM10 in the air.  

There were not found the other considerable differences at the weather impact to 
the smog situation in Ostrava (accuracy 90.8 %) and Pardubice (accuracy 89.9 %). 
There is still the most important parameter the value of PM10, the inverse character of 
the weather and the average wind speed. 

Table 5. Comparison of the results of the models at the basis of RST, DTs and NNs 

Method Accuracy (test set) [%] Accuracy (validation set) [%] 
RST 96.4 90.7 
C5-boost 96.5 89.4 
CRT-boost 93.8 84.7 
MLP 96.2 91.3 
RBF 95.2 90.8 

 
If there were used the calculated rules at the basis of RST towards the predicted 

value vy  “Average amount of PM10 in the following 24 hours” during the warning 
against the harmful impact of the smog situation, it could be possible to shorten the 
length of the delay from the present average 36 hours to 3 hours. In that time are 
verifing data onto the CHMI server.  

4   Conclusion 

In this article there was introduced the problematic of the air quality and the solution 
of the warning system of the inhabitants against the negative impacts, which are con-
nected to the stay at the exposed places. Nowadays, there is a average of 36 hours  
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delay in the informing the public about the air pollution. This delay is too long, 
mainly with respect to the special groups (children, older people and people with res-
piration diseases). Creation the model, which identifies the bad quality of the air with 
the outlook of the following 24 hours, is the possibility how to prevent the selected 
groups of inhabitants from the health problems. Models are oriented to the amount of 
dust particles PM10 and the occurrence of smog in Ostrava and Pardubice’s 
neighbourhood.   

Firstly, it was necessary to find out, process and describe the data from the mete-
orological and air pollution stations. At the same time we have characterized both ex-
amined regions. RST work with categorized variables, therefore there were derived 
six variables. Data were then divided into three categories - training, testing and vali-
dating. Division of training and testing data was made by using the software IBM 
SPSS Modeler 14.2. For the rules calculation the software RSES 2.2.2 was used. The 
result rules were used for the prediction of “Average amount of PM10 in the follow-
ing 24 hours”.  

Program RSES proved to be a suitable program for rules creation. The quality of 
the prediction at the tested set reached 96.4 %. Then there was a comparison of DTs 
and NNs made. The number of generated rules pointed out how robust RST is. During 
the validation by RST there were very good results reached (RST 90.7%, DTs 89.4% 
and MLP 91.3%).  

Problems with air pollution belong to the important parts of the sustainable devel-
opment of the regions from the long-lasting point of view. At the present trend of the 
larger cities development the solution and optimization of the air pollution will be the 
priority.  The model of testing in other large cities of CR seems to be a good idea. 
With reference to the used methods the other high tech equipment is able to be used, 
e.g. rough-fuzzy access, case-based reasoning etc. 
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Abstract. Numerical Weather Prediction (NWP) systems are state-of-the-art 
atmospheric models that can provide forecasts of various weather attributes. 
These forecasts are used in many applications as critical inputs for planning and 
decision making. However, NWP systems cannot supply any information about 
the uncertainty of the forecasts as their immediate outputs. In this paper, we in-
vestigate the application of Fuzzy C-means clustering as a powerful soft com-
puting technique to discover classes of weather situations that follow similar 
forecast uncertainty patterns. These patterns are then utilized by distribution fit-
ting methods to obtain Prediction Intervals (PIs) that can express the expected 
accuracy of the NWP system outputs. Three years of weather forecast records 
were used in a set of experiments to empirically evaluate the applicability of the 
proposed approach and the accuracy of the computed PIs. Results confirm that 
the PIs generated by the proposed post-processing procedure have a higher skill 
compared to baseline methods. 

1   Introduction     

Although the deterministic interactions of physical simulations in Numerical weather 
prediction (NWP) models yield the expected values of different weather attributes in 
the mid-range future, such forecasts are uncertain due to the inaccuracy of initial con-
ditions, low spatial resolution, and various simplifying assumptions [12][13]. Yet, 
such uncertainty information is not available in the immediate outputs of the system. 
In many applications, it is desirable that forecasts be accompanied by the correspond-
ing uncertainties. Information about forecast uncertainty can have important role in 
the planning and decision making processes that utilize the forecasts [2][8]. For in-
stance, the expected accuracy of NWP temperature and wind speed forecasts can have 
crucial impact on the optimized operational planning and management of power grids 
using Dynamic Thermal Rating (DTR) systems which is the motivation of this study 
[6] [10]. The uncertainty of a forecast is typically presented using prediction intervals 
(PIs) that are accompanied by a percentage expressing the level of confidence, or ex-
pected nominal coverage rate (e.g., T = [2°C, 14°C] conf = 95%) [2] [5].  
A major common method to assess the uncertainty of weather forecasts is ensemble 
modeling. However, running multiple ensemble members to analyze the forecast ac-
curacy can be very costly thus infeasible in many cases. 
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As an alternative, statistical post-processing methods can be applied on a result of 
an individual forecast. It is a well-known fact that the extent of forecast uncertainty 
varies with its context: the weather situation [13]. For example, low pressure systems 
are known to be less predictable than the more stable high pressure systems.  

Soft computing techniques are increasingly applied in problems with large amount 
of data and uncertainty [3][14]. Lange et al. [9] used clustering over a historical per-
formance data set of wind speed predictions and demonstrated a relationship between 
the forecast uncertainty and different meteorological situations. However, this analy-
sis was not practically employed as a method of obtaining PIs for wind speed  
forecasts. 

A practical application of weather classification to obtain PIs was proposed by Pin-
son et al. [17][18]. The authors used two predicted values of wind speed and wind 
power to categorize the historical forecast situations into four manually defined 
classes, each with different error distribution. The distribution of a new forecast case 
was then expected to follow the distribution of these classes based on an expert-based 
fuzzy membership definition. However, this method suffers from a major shortcom-
ing of the manual grouping of predictions. 

In this contribution, we use unsupervised learning over the historical performance 
of the NWP model to learn the patterns of forecast accuracy. To discover groups of 
forecast records that follow a similar prediction error distribution, Fuzzy C-means 
clustering algorithms is applied on a data set of past prediction accuracy records. Such 
objective-driven discovery of forecast situations is expected to find better groups 
compared to the manual definition of weather situations [15]. In addition, fuzzy asso-
ciation of forecast records with the discovered weather situations appears to be a more 
natural choice. 

The process of evaluating of PIs forecasts, and probabilistic forecasts in general, is 
more complex compared to point forecasts. To empirically test the proposed ap-
proach, we apply the developed PI models to a large, real-world data set. We also de-
velop a comprehensive PI evaluation framework. It not only covers all major meas-
ures from the PI evaluation literature, but also brings new insights to the PI 
verification process, leading to more accurate judgments. 

The rest of this paper is organized as follows. Section 2 reviews the basic concepts 
and definitions of prediction intervals and forecast uncertainty modeling. Section 3 
presents the proposed fuzzy clustering approach to discover forecast uncertainty pat-
terns. The verification measures are described and analyzed in section 4. Experimen-
tal setup and results are provided in section 5. The final section 6 outlines main con-
clusions and indicates possible directions for future work. 

2   Forecast Uncertainty and Prediction Intervals 

The relation between the forecast  and its observation  can be described as:  

,                                                              (1) 

i.e., each observation can be decomposed to the predicted value  for time t, and an 
error term  for the specific forecast instance. 
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Based on a probabilistic forecast, the cumulative distribution function (cdf)  is ex-
plicitly available. The prediction interval  is defined as (1 )-confidence interval 
into which observation  is expected to fall with probability 1 . Therefore, it can 
be described as a range satisfying [5][15][17]: ∈ ∈ , 1 ,                                (2) 

where  and  are, respectively, the lower and upper bound of prediction interval 
 defined by the corresponding distribution quantiles as: ⁄ 2⁄ ,   ⁄  1 2⁄ .        (3) 

For instance, with 0.05, the interval has a 95% confidence level bounded by 
quantiles . .  and . . , as 0.025 and 0.975.  
Systematic characterization of forecast error can lead to modeling of forecast uncer-
tainty for the target variable. This can be achieved by considering  in (1) as an in-
stance of the random variable e, and associating  (or its estimate ) as its cumula-
tive distribution function,  The corresponding estimated quantiles for the predictive 
distributions would hence be  and  [15][22][21]: 

, ⁄  ,   , ⁄ 2⁄ , (4) 

, ⁄ ,   , ⁄ 1 2⁄ , (5) 

where ,  is the estimated  quantile of “error” based on the estimated forecast error 

distribution . The distribution of , and hence the desired quantiles, are not expli-
citly known. Therefore, to find the  prediction interval of , the quantiles of  (i.e., 
the error associated with the forecast) are estimated and added to the predicted value 

 to obtain the lower and upper bounds for the original variable [17]. Thus, by find-
ing quantiles over the forecast error distribution, one can find the quantiles over the 
forecast value that is expected to enclose the target observation. 

3   Fuzzy C-means for Prediction Interval Modeling 

A fine grouping of forecast situations can lead to clusters of predictions with a similar 
error behavior [13]. Such groupings can be found by clustering all available cases us-
ing the relative influential prediction variables as the features. Subsequently, each 
cluster can be independently analyzed by the method described in the previous sec-
tion. This way, rather than considering all past errors together as a single set, the cha-
racteristics of error distribution within each cluster determines the prediction interval 
of that particular cluster.  

In this study, we apply two different clustering algorithms to find optimal group-
ings of the NWP past forecasts: K-means [20] and Fuzzy C-means (FCM) clustering. 
K-means is a simple yet powerful clustering algorithm that has been used in many ap-
plications [19]. Consider a dataset x , x , … , x , where each data point x , , … ,  represents d influential features (such as predicted temperature, 
wind speed and wind direction, precipitation, location, elevation, etc.), and N is the  
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total number of available forecast cases. The algorithm finds the set of k cluster cen-
ters , , … , , and assigns a subset of points ∈  to each cluster i. Each 
case j also has a forecast error  associated with the predictand y. Hence, each clus-

ter has its own set of forecast errors for target y in the set  such that: | ∈ , 1. .  , 1. . ,                                (6) where  is the number of sample points in cluster i.  
In the second stage of the process, a probability distribution ( , ) is fitted over 

each set of errors , 1. .  to represent the forecast error characteristics of each 
cluster. We consider three fitting schemes: Gaussian distribution, Kernel Density 
Smoothing (using a Gaussian kernel) and Empirical distribution. 

For instance, based on the Gaussian fitting method, each cluster  of forecast errors 
has its own estimated probability distribution described by its mean ̂  and standard 
deviation . When a new forecast  is made, the cluster to which it belongs can 
be identified by the nearest cluster center and boundaries of the corresponding predic-
tion interval can be estimated using ,  instead of  in equations (4) and (5) which 
would provide  and  for each cluster independently.   

Using K-means, each forecast case is assigned into a single cluster only. In a more 
natural approach, the forecast cases could be associated with various situations up to 
different degrees. This can be achieved using Fuzzy C-means algorithm that finds 
cluster patters based on fuzzy membership assumption of points over clusters [20]. 
The objective function of the clustering process is [1]: ∑ ∑ x ,                               (7) 

where  (∑ 1) represents the degree of membership of the point x  in clus-
ter j, and 1 is the fuzzification. The objective function can be minimized using 
gradient descent in an iterative process where the membership matrix and cluster cen-
ters are updated as follows: 1 ∑                                           (8) 

As a result, a forecast case can simultaneously belong to more than one forecast situa-
tions. Many situations, such as transitions between different types of weather, can be 
better captured using this approach.  Similarly to K-means, these fuzzy patterns of 
historical forecasts can be used to model forecast errors by fitting appropriate distri-
butions. However,  is now a fuzzy set defined by membership of each error sample 
to the ith cluster (i.e. ,, 1. . ). Subsequently, the fitting methods must consider 
these membership values as the vector of sample weights in the process. Thus, error 
samples that have higher levels of association with a cluster have more impact on the 
corresponding error distribution. 

In addition, any new forecast case x  is now associated with all k clusters, but 
with different degrees of membership, , , 1. . . Hence, we need to devise a 
method to combine the error characteristics of different clusters, based on the new 
samples membership values. For this purpose, we apply a weighted opinion pool to 
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consolidate the forecast error characteristics among the clusters. Because ∑ , 1, the weighted sum of the computed quantiles in each cluster based on 
the new forecast’s levels of membership provides an intuitive method to obtain the fi-
nal upper and lower quantiles: ∑ , . ,                                            (9) 

where  represents the lower quantile of the prediction interval in the jth fuzzy clus-
ter. The same method is used to compute the upper quantile. 

4   Prediction Interval Verification 

It is expected that, in a test setting, prediction interval forecasts will have empirical 
coverage of the observations as close as possible to their confidence level. This pri-
mary property of a PI forecaster M, called “reliability,” is denoted Rel . [17]: ∑ ,   where 1          0                      empirical , (10) 

where T is the number of PIs in the evaluation data set, and  is an indicator of hit.  
evaluates to one when the observation falls within the PI boundaries, otherwise it is 
set to zero, expressing a miss. Hence,  simply accounts for the difference be-
tween average hit of the forecasts (coverage rate) and the required nominal coverage 
defined for the PI.  
A forecaster providing PIs with less vagueness, corresponding to the width of the PI, 
is clearly preferred. This leads to the second major measure of PI forecast quality 
called “sharpness” [11][17]: ∑                                  (11) 

where  is the width of the ith prediction interval. Another impor-
tant quality aspect of a PI computation method is its ability to provide intervals of va-
riable width, depending on the forecast situation. A method with high “resolution” 
( ) is capable of distinguishing forecasts with different amounts of uncertainty, 
and assign wider (high uncertainty) or narrower (low uncertainty) intervals according-
ly. The standard deviation of PI widths is a natural choice to measure the method’s 
resolution [15]: ∑                                   (12) 

Having access to a single scalar summary measure of forecast quality is always attrac-
tive and useful for objective comparison of various methods. The most common  
prediction interval skill score is the Winkler’s score [7], widely used as a conclusive 
objective evaluation measure for PI forecasting methods [11], [15], [18]. A compre-
hensive study performed by Gneiting and Raftery [4] prove that this score is “strictly 
proper” and would hence give the maximum score to a forecast that is actually the 
true belief of the forecaster and cannot be “hedged”.   
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Using the notations defined above and the overall miss rate 1 , the total score 
gained by a PI forecasting method M over the T cases in the test set can be expressed 
as: 1 Δ , (13) 

where  is the average distance of an observation from the PI boundaries among the 
missed cases, and Δ  is the average of this distance among all test cases owing to the 
fact that  is equal to zero for hit cases and  for misses. 
Due to availability of limited number of test cases in each cluster, the   mea-
surements incur some uncertainty as well. The width component of this score is  
constant in each cluster. However, the ,  measure’s uncertainty (where j=1..K) de-
creases when evaluated by more test cases or when its sample values are closer to 
each other cluster j. To analyze the uncertainty of SScoreM, the one-sided confidence 
interval of the ,  measure with a specific confidence level is used to compute the 
skill score. After using this upper limit for all clusters, a lower limit on the  with the desired confidence level can be determined: ∆ , ∆ ,  (14) 

where  is the desired confidence level over the measure as a percentage. Because ,  is a mean statistic, the Central Limit Theorem [21] can be used and hence its 
sampling distribution is essentially Gaussian. This leads to the following relation to 
obtain the one-sided confidence interval:  

, , , 1 ,
                                            (15) 

where ,  is the measured sample mean over the available sample test set, and ,  

is the sample standard deviation of individual , values in cluster j. Hence, we can 

find the lower limit of the true ΔM,  measure. 

5   Experimental Evaluation 

A hindcast data set of hourly predictions has been coupled with the respective obser-
vations of weather stations from the National Center for Atmospheric Research 
(NCAR) data repository. The WRF v3 simulations were run in three nested grids with 
resolutions of 10.8 km, 3.6 km and 1.2 km. The data set covers three years (2007, 
2008 and 2009) of forecasts for two stations in BC. This data set contains about 
51,000 records of historical performance of forecasts. There are total of 35 features 
available in this data set. The observations are used to derive the forecast error for 
temperature forecasts, and the described PI computation methods are applied to obtain 
prediction intervals for the forecasted temperature. 
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To investigate the role of influential variables and to select the optimal feature set 
in PI forecasts, 14 different subsets of the 25 available features were defined. These 
feature sets are combinations of BF1 (10 basic weather attributes), BF2 (a more com-
plex feature set including attributes at different geopotential levels) and PG (derived 
features that represent the temporal gradient of surface pressure). The feature sets 
with letters PCx were obtained using Principal Component Analysis to decrease the 
dimensionality of the data to x. The results are based on three-fold cross-validation in 
which two years of data are used to train the PI model and the third year is set aside 
just to evaluate the trained model and calculate the quality measures of the resulting 
interval forecasts. 

To compare the various proposed methods with baseline methods, some basic ap-
proaches are considered. The first baseline method is the climatological approach that 
considers all past error samples together (i.e. K=1) and computes the PI based on the 
fitted distribution. The second baseline method applies a manual grouping of the fore-
cast situations based on the forecast month. In the evaluated approaches, the number 
of clusters was set in the range of 2 to 100, and the fuzzification parameter (m) in 
FCM was set to 1.2. Table 1 lists the PI quality details of the best performing setups 
for each algorithm. The results show that clustering methods considerably improve 
the skill of the PIs compared to the baseline methods and that FCM has a better per-
formance compared to K-means. 

Table 1. Top 4 setups from C-means and K-means along with baseline methods and detailed 
measures for temperature PIs based on Sscore .  in 3-fold (yearly) cross validations 

Algorithm K Features Fit 
Sharp-
ness 

Cov-
erage

Cover-
age0.95 

Reso-
lution

RMS
E 

SScore 
SScore0.

95 Rank 

FCM 45 BF2 Kernel 10.62 94.89 92.77 1.59 2.77 0.3220 0.3432 1 

FCM 30 BF2PG Kernel 10.91 94.93 93.26 1.65 2.86 0.3285 0.3452 2 

FCM 50 BF2PG Kernel 10.67 94.78 92.49 1.79 2.81 0.3231 0.3459 3 

FCM 80 BF2PG Kernel 10.25 94.58 91.53 1.74 2.71 0.3150 0.3460 4 

K-means 50 BF2 Kernel 10.78 94.96 92.74 1.87 2.80 0.3254 0.3485 13 

K-means 45 BF2 Kernel 10.86 94.89 92.78 1.87 2.83 0.3273 0.3492 15 

K-means 40 BF2 Kernel 10.89 94.82 92.85 1.84 2.83 0.3303 0.3499 16 

K-means 50 BF2PG Kernel 10.94 94.87 92.60 2.20 2.87 0.3281 0.3506 18 

Base-
Month 

12 Month Kernel 12.21 95.12 94.10 1.91 3.12 0.3601 0.3704 943 

Base-Clim. 1 - Normal 12.17 94.78 94.49 0.00 3.11 0.3740 0.3774 1492 
 

 
In Figure 1.a, a sample forecast error distribution is shown and the corresponding 

fitted kernel density distribution is also plotted. In the first stage of experiments the 
K-means algorithm was run with the different feature sets and fitting methods. Fig-
ures 1.b and 2.b show the box plots of the SScore0.95 measure for these alternative 
choices. As can be seen, the Kernel fitting method and the BF2 feature sets can obtain 
PIs with higher skill. It must be noted here that when the measured SScore (and not its 
confidence bound) is used for evaluations, very large number of clusters (e.g. 200) 
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would always achieve the best results. However, this is due to the fact that with such 
large values of K there would be very few test cases available to have a reliable mea-
surement of the ,  statistic in individual clusters. 

 
 

(a) 

 

(b) 

Fig. 1. (a) Forecast error distribution in 2009 and kernel fitted distribution (b) SScore0.95 of the 
fourteen different feature sets using K-means in 3-fold (yearly) cross validations 

 

 

Fig. 2. (a) The trend of SScore0.95 with increasing number of clusters (b) skill score of the four 
different fitting methods 

Figure 2.a shows the trend of PI forecast skills for the best setups of K-means and 
FCM as the number of clusters is increasing. The curves also show the better perfor-
mance of the Fuzzy C-means algorithm around K=45. 
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6   Conclusions 

A new method is presented that can model forecast uncertainty from the historical 
performance of the NWP system and provide prediction intervals for new point fore-
casts. This is achieved using fuzzy clustering and density fitting methods over the 
prediction error records. The performance of this method was investigated through an 
experimental study employing an accurate evaluation framework. The availability of 
forecast uncertainty in the obtained PIs and their demonstrated higher skill compared 
to baseline methods suggests the effectiveness of this method. Due to the temporal na-
ture of the weather attribute forecasts and their associated errors, application of time 
series analysis techniques in the PI forecasting methods can potentially improve the 
skill of the predictions in future work. 
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Abstract. A well-known domain in that it is highly likely for each exemplary 
dataset to be imbalanced is patient detection. In such systems there are many 
clients while a few of them are patient and the all others are healthy. So it is 
very common and likely to face an imbalanced dataset in such a system that is 
to detect a patient from various clients. In a breast cancer detection that is a 
special case of the mentioned systems, it is tried to discriminate the patient 
clients from healthy clients. It should be noted that the imbalanced shape of a 
dataset can be either relative or non-relative. The imbalanced shape of a dataset 
is relative where the mean number of samples is high in the minority class, but 
it is very less rather than the number of samples in the majority class. The 
imbalanced shape of a dataset is non-relative where the mean number of 
samples is low in the minority class. This paper presents an algorithm which is 
well-suited for and applicable to the field of non-relative imbalanced datasets. It 
is efficient in terms of both of the speed and the efficacy of learning. The 
experimental results show that the performance of the proposed algorithm 
outperforms some of the best methods in the literature. 

Keywords: Imbalanced Learning, Decision Tree, Artificial Neural Networks, 
Breast Cancer Detection. 

1   Introduction 

In fact, each dataset that has an imbalanced distribution among the number of the data 
points in each of its classes can be considered as an imbalanced dataset. However in 
artificial intelligence communities, a dataset will be generally considered to be an 
imbalanced one if only if it has a very high-rated and sharp imbalanced distribution. 
We call this type of the mentioned imbalanced datasets, the imbalance between 
classes (e.g. consider the distribution of 10000:100 in a dataset with two classes 
where one class completely overshadows the other). Of course the imbalance concept 
is not dependent on the number of classes; it means that it is not only defined for or 
applicable to the datasets with two classes. It is highly likely that one faces an 
imbalance dataset having more than two classes. Thus in an imbalanced dataset it is 
required to use a classifier with a high accuracy in such a way that the minority class 
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detection is not affected by the majority class detection. It is obvious that the 
individual evaluation criteria such as overall accuracy or error rate do not provide 
sufficient information about the quality of learning in an imbalanced dataset.  

Imbalanced shape of a dataset is called intrinsic where the nature of dataset source 
involves in being imbalanced. It should be noted that the imbalanced shape of a 
dataset can be either relative or non-relative. The imbalanced shape of a dataset is 
relative where the mean number of samples is high in the minority class, but it is very 
less rather than the number of samples in the majority class. The imbalanced shape of 
a dataset is non-relative where the mean number of samples is low in the minority 
class. This paper presents an algorithm which is well-suited for and applicable to the 
field of non-relative imbalanced datasets. It is efficient in terms of both of the speed 
and the efficacy of learning. 

2   Backgrounds 

A class of solutions to imbalanced datasets tries to apply some changes in dataset to 
be balanced and then uses a standard learning algorithm. Other class of solutions 
generally focuses on modifying the standard learning algorithms to be suited and 
adapted to learn in an imbalanced dataset [5]. In the first approach, there are two 
common ways: over-sampling and under-sampling. Random over-sampling method 
takes a set of samples from the minority class and then they are added to dataset. In 
fact, the number of samples in the minority class is enlarged in such a way that the 
number of data points in each class, either the minority class or the majority class, 
gets balanced. Alternatively there is another way to balance an imbalanced dataset 
named under-sampling method. Unlike the over-sampling method, the under-
sampling method reduces a set of samples from the majority class in such a way that 
the number of data points in each class, either the minority class or the majority class, 
gets balanced. The over-fitting is the problem that challenges the over-sampling 
method. The concept losing is the main problem of the under-sampling method. An 
alternative to overcome the challenges is to turn to informed under-sampling methods. 
Two of the most well-known methods based on informed under-sampling are 
EasyEnsemble [2] and BalanceCascade [3]. Another example of the informed under-
sampling methods is based on k-nearest neighbor [4]. 

In EasyEnsemble method it is tried to first produce many classifiers based on 
different runnings of the under-sampling method, and then to use them as an 
ensemble of classifiers. It is worthy to note that each mentioned classifier is produced 
by an AdaBoost mechanism. EasyEnsemble is an unsupervised strategy since it uses 
an independent random sampling with replacement in applying the under-sampling 
method. BalanceCascade method is very similar to EasyEnsemble method. 
BalanceCascade explores the sampling in a supervised manner. In BalanceCascade 
method it is tried to iteratively produce a classifier so as to improve the false positive 
rate of previously produced classifiers. 
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According to the research findings in the field of imbalanced learning, the criteria 
employed for assessing the quality of learning of a classifier in an imbalanced dataset 
are completely different from the common criteria used for evaluating the quality of 
learning of a classifier in a common dataset. So it is necessary to discuss the 
evaluation criteria suitable in the field of imbalanced learning. This section explains 
the approach how to assess the effectiveness of a model in learning of an imbalanced 
dataset. The common conventional measures to assess a classifier quality in learning 
of a dataset are the accuracy measure and the error rate measure. These criteria are 
used for a simple description of a learner (classifier) performance on a dataset but 
they are not suitable for imbalanced datasets.  

Fig. 1 depicts the confusion matrix. In the confusion matrix the True Positives are 
the data points in dataset that have been assigned by classifier to the minority class 
(the patient class) and they really belong to the minority class. The False Positives are 
the data points in dataset that have been assigned by classifier to the minority class 
while they really belong to the majority class (the healthy class). The False Negatives 
are the data points in dataset that have been assigned by classifier to the majority class 
while they really belong to the minority class. The True Negatives are the data points 
in dataset that have been assigned by classifier to the majority class and they really 
belong to the majority class.  

 

 
Fig. 1. Confusion Matrix 

The performance criteria defined on the imbalanced datasets should be based on 
the mentioned confusion matrix to be unbiased to the majority class. Studying the 
confusion matrix makes it clear that the first column shows the number of positive 
samples (the number of samples in the minority class) and second column shows the 
number of negative samples (the number of samples in the majority class). It is also 
clear that the first row shows the number of the samples that classifier recognizes 
them as the minority class and the second row shows the number of the samples that 
classifier recognizes them as the majority class. Columns show the distribution of 
class samples. Indeed each metric using them simultaneously can’t be free of 
sensitivity to class imbalancement. For example accuracy uses both columns and so it 
is sensitive to imbalancement, i.e. by changing the distribution of the number of data 
points of the classes of dataset the metric changes while the performance does not 
change. Some measures which are adjusted for evaluating the learning quality of a 
classifier at an imbalanced dataset are: (imbalanced) accuracy, precision, recall,  
F-measure and G-mean [1]. The accuracy of a classifier at an imbalanced dataset is 
obtained by equation 1. 
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where TP, TN, FP and FN stand respectively for the number of True Positives, the 
number of True Negatives, the number of False Positives and the number of False 
Negatives. The precision is obtained by equation 2. 
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where TP and FP are the same as equation 1. The recall is obtained by equation 3. 

FNTP

TP
recall

+
=                                                       (3) 

where TP and FN are the same as equation 1. The F-measure is obtained by  
equation 4. 
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Evaluation based on receiver operating characteristic (ROC) curves, uses two criteria 
of the two single columns, TP rate and FP rate, of the Fig. 1 and draws a graph 
depicting the TP rate in terms of the FP rate. ROC curve is a powerful method to 
evaluate the performance of a learner visually. In precision-recall chart, one could get 
more information on the performance assessment of a learner [1]. These charts can be 
considered as the best way to display the performance of a learner in an imbalanced 
application.  

3   Proposed Method 

The structure of the proposed algorithm is similar to EasyEnsemble. The proposed 
algorithm initially takes a number of sub-samplings from the majority class with the 
size of the minority class. Considering each of the sub-sampled data from the majority 
class in addition to the data of the minority class as a temporal dataset, a decision tree 
or a multilayer perceptron is trained over the temporal dataset. Finally, all classifiers 
jointly work as an ensemble. Pseudo code of the proposed ModifiedBagging 
algorithm is presented in Fig. 2. Like Bagging, Boosting is another meta-algorithm in 
data mining that is more capable of learning hard problems. The main idea behind 
Boosting like Bagging is to learn a problem by a set of weak learners and then to 
create a single strong learner. A weak learner is defined to be a classifier which is 
only slightly correlated with the true classification or labels; it can label examples 
better than random guessing. In contrast, a strong learner is a classifier that is 
arbitrarily well-correlated with the true classification [12]. To complete our 
conclusion, the ModifiedBoosting is proposed based on the main Boosting algorithm 
proposed by Schapire [12]. Pseudo code of the proposed ModifiedBoosting is 
presented in Fig. 3. The proposed ModifiedBoosting is just like the proposed 
ModifiedBagging, except the majority class is subsampled based on a policy that the 
error-prone examples have more chance in subsequent samplings.  
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Fig. 2. Pseudo code of the proposed ModifiedBagging 

Although, as it was mentioned previously, there are many algorithms to deal with 
learning at imbalanced datasets, this paper only focuses to handle under-sampling 
approaches. In this group of algorithms, the two of the best algorithms are considered 
to be BalanceCascade and EasyEnsemble. It is worthy to be mentioned that the 
second is one example of informed under-sampling methods [2-3]. As it has been 
shown [3], these two algorithms absolutely dominate other methods. Their superiority 
is in terms of both learning efficiency and training speed. 

 

 

 

Fig. 3. Pseudo code of the proposed ModifiedBoosting 

On the other hand the algorithms of BalanceCascade and EasyEnsemble are very 
similar to the proposed algorithm. Therefore, since the two algorithms in terms of the 

The ModifiedBoosting algorithm pseudo code. 
9. Input: A set of minority class examples Smi\, a set of majority class 

examples Sma§, ♣Smi\♣ < ♣Sma§ ♣, the number of subsets,  T to sample 
from Sma§ 

10. i     0 

11. W(j)=1, ∀ j∈[1,T]“Smin 

12. repeat 
13. i     i + 1 

14. P(j)=W(j)/sum(W), ∀ j∈[1,T] 
15. Using P randomly sample a subset Efrom Sma§, ♣E♣ = ♣  Smi\♣⇔ Si= 

Smi\∪Ei 
16. Learn Con Si. C is a simple classifier 
17. Test({Ci|1ªiªT}, Smax) 
18. W(j)=W(j)*2, ∀ j that is misclassified by ensemble {Ci|1ªiªT} 
19. W(j)=W(j)/2, ∀ j that is misclassified by ensemble {Ci|1ªiªT} 
20. until i = T 
21. Output: An ensemble {Ci|1ªiªT} 

The ModifiedBagging algorithm pseudo code. 
1. Input: A set of minority class examples Smi\, a set of majority class 

examples Sma§, ♣Smi\♣ < ♣Sma§ ♣, the number of subsets,  T to sample 
from Sma§ 

2. i     0 

3. repeat 
4. i     i + 1 

5. Randomly sample a subset Efrom Sma§, ♣E♣ = ♣ Smi\♣⇔ Si= Smi\∪Ei 
6. Learn Con Si. C is a simple classifier 
7. until i = T 
8. Output: An ensemble {Ci|1ªiªT} 
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structure are very similar to the proposed algorithm, and they also dominate other 
methods, the proposed method is compared to only these two methods in this paper. 

The difference between proposed algorithm and EasyEnsemble is the main reason 
of its superiority. The difference is hidden in section 6 of the pseudo code. 
EasyEnsemble uses an AdaBoost classifier ensemble as learner [5]. Using a complex 
classification system similar to AdaBoost ensemble, not only causes a lot of overhead 
time for learning, but actually it lacks any justification. It is because after producing 
classifiers, Ci, voting mechanism is employed. So there is no justification for 
hierarchically voting in classification part, especially when the minority class has very 
little data points and hierarchical voting causes sub-sampling from the minority class; 
it means that hierarchical voting causes to lose the concepts of the minority class. So 
it is highly likely that the classifiers are not trained properly in the AdaBoost 
ensemble algorithm due to the small number of samples in the minority class. 

The difference between the proposed algorithm and BalanceCascade is even more 
obvious. All differences between the proposed algorithm and EasyEnsemble 
mentioned in the previous section are also differences between the proposed 
algorithm and BalanceCascade. There are also some new differences between the 
proposed algorithm and BalanceCascade. For example, BalanceCascade tries to 
iteratively produce an AdaBoost so as to improve the FP of previously produced 
classifiers. It is again highly likely that the classifiers do not train properly in the 
AdaBoost algorithm due to the small number of samples in the minority class. 

4   Experimental Results 

This section evaluates the results of applying the proposed framework on a real 
imbalanced dataset of breast cancer patients. Dataset has been collected from some 
real clients of Bidgol-Aran city's hospital [6]. Dataset includes 386 clients. While 17 
cases have breast cancer, the rest 369 cases have been healthy. 26 features extracted 
from each client that the most of them almost belong to the nominal ones. The 
nominal features to be used in any MLP are first converted to numerical features. It 
means that if feature A has 4 distinct values, say, <A1, A2, A3, A4>, we consider 
values A1, A2, A3, A4 respectively equal to 1, 2, 3, 4. After the coding phase, each 
feature is normalized into interval [0-1] just for usages in MLPs. The normalizing 
relations can be calculated by equation 5. 

)(min)(max ,,

,

,

iyyiyy

ix

ix ff

f
nf

−
=                                            (5) 

where fx,i stands for ith feature of xth data point and nfx,i stands for ith normalized 
feature of xth data point. In the paper, multilayer perceptron and decision tree are used 
as base classifier. We use multilayer perceptrons with 2 hidden layers including 
respectively 10 and 5 neurons in the hidden layer 1 and 2, as the base simple 
classifier. All of decision trees have used in this research employ Gini criterion as 
decision tree evaluation metric. Parameter Gini criterion for decision tree is set to two. 

The classifiers' parameters are kept fixed during all experiments. It is important to 
be mentioned that type of all classifiers in the algorithms are kept fixed to either only 
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decision tree or only multilayer perceptron. It means that all classifiers are considered 
as multilayer perceptron in the first experiments. After that the same experiments are 
taken by substituting all multilayer perceptrons with decision trees. 

To find out how a classifier has learned over the mentioned imbalanced dataset, we 
always use leave-one-out cross-validation technique. First four columns of Table 1 
show the quality of learning of different simple classification methods over the 
mentioned imbalanced dataset by leave-one-out cross-validation method in terms of 
different evaluation measures. As it is inferred from Table 1, although the accuracies 
of simple decision tree classifier and multilayer perceptron neural network classifier 
are very high, they do not have good performances at all. This is not something 
unexpected, because these classifiers assign each queried sample to the majority class. 
Consequently they hit very high accuracies. While their accuracies are good, they are 
unable to recognize patients. If one looks at Table 1, it will be clearly identified that 
the performances of the same classifiers enclosed in the proposed framework are 
significantly increased; while they still have satisfactory accuracies. As expected, 
using the decision tree as the base classifier can improve considerably the 
performance rather than using the multilayer perceptron as the base classifier. 

Table 1. Performances of different simple methods obtained by leave-one-out method. MBG 
and MBT stand for ModifiedBaGging, ModifiedBoosTing respectively. 

EC DT MLP 
 

MBG 
of 1 
DT

MBG 
of 1 
MLP

MBG 
of 25 
DT

MBG 
of 25 
MLP

MBT 
of 25 
DT

MBT 
of 25 
MLP 

TP 5.88 0.00 58.82 23.53 76.47 64.71 29.41 17.65 
FP 0.00 0.00 23.30 32.95 20.17 32.95 1.99 15.63 
TN 100 100 76.70 67.05 79.83 67.05 98.01 84.32 
FN 94.12 100 41.18 76.47 23.53 35.29 70.59 82.35 
Acc 95.66 95.39 75.88 65.04 79.67 66.94 94.85 81.30 
Pre 100 ∝ (50) 71.63 41.66 79.12 66.63 93.66 50.03 
Rec 5.88 0.00 58.82 23.53 76.47 64.71 29.41 17.65 
FM 7.14 0.00 64.60 30.07 77.77 65.66 44.76 26.09 

 
Another comparison between the performances of the two versions of the proposed 

method when using each of the two simple learners (i.e. decision tree and multilayer 
perceptron) as the base classifier is presented in the columns 5 and 6 of Table 1. 
These experiments show that the accuracy of the proposed method is acceptable when 
we use decision tree as base classifier. It will also show if the whole data points of 
dataset are used to construct the classifiers of the final ensemble, performance of the 
final ensemble may be still poor to identify the examples of the minority class. Table 
1 depicts this important fact. As it is raised from Table 1, the use of the ensemble 
without applying the proposed method to balance the training data, does not solve the 
problem. However, applying the proposed method along with the use of ensemble 
significantly increases the efficiency. The last 2 columns (7 and 8) of Table 1 
represent the results obtained by the ModifiedBoosting. As it is inferred from the 
Table 1, the algorithm can't compete with the the ModifiedBagging. It is worthy  
to mention that we slide the number from 1 to 25 and choose the value when the  
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F-measure hits its best. The comparison confirms why the ModifiedBagging 
outperforms the EasyEnsemble and BalanceCascade.  

A schematic comparison between performances of the two mentioned versions of 
the proposed method is presented in Fig. 4. ROC curve of the proposed method using 
decision tree learner as the base classifier is superior to the one using multilayer 
perceptron learner as base classifier. 

According to Fig. 4 sliding FP from 0 to 1, readers will find that if a better cut 
choice on FP axis is taken in ROC curve the results can even be improved. However, 
this is not stable because after a while increment in FP does cause improvement in 
TP. The above tests indicate that the accuracy of the proposed method outperforms 
the simple classifiers and some ensemble methods. The other conclusion is the 
superiority of the proposed method that uses decision tree as the base classifier rather 
than one that uses multilayer perceptron neural network as the base classifier. 

 

 

Fig. 4. ROC curve of the proposed ModifiedBagging with DT and MLP as base classifier 

To demonstrate the efficacy of the proposed method in terms of the number of 
classifiers in the ensemble, please look at Fig. 5. In Fig. 5, the F-Measure of the 
proposed method in terms of the number of classifiers employed in the ensemble is 
depicted. All experimentations in Fig. 5 are averaged over 10 individual runs. The 
base classifier is chosen as decision tree. As it is inferred from Fig. 5, setting the 
number of classifiers to a value more than 23 does not affect much over F-Measure. 

Now it is time to compare the proposed method with EasyEnsemble and 
BalanceCascade methods. By employing the two mentioned algorithms in the 
imbalanced dataset, any acceptable result is not again obtained according to Table 2. 
It is worthy to be mentioned that simple linear classifier used in reference [3] is used 
in both EasyEnsemble and BalanceCascade methods as base classifier. To reach the 
results of Table 2, leave-one-out cross-validation technique is used in all 
EasyEnsemble, BalanceCascade and ModifiedBagging methods. Comparing the 
proposed ModifiedBagging with EasyEnsemble and BalanceCascade in Table 2, we 
will reach the conclusion that the performances of the mentioned methods are weaker 
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than the proposed ModifiedBagging method. So it is concluded that it is not needed to 
go for reinforcement methods in such an imbalanced dataset. Considering the higher 
time orders of the mentioned algorithms to learn in such severely imbalanced datasets, 
we can claim that the proposed method in terms of both efficiency of learning and 
speed of learning is superior. In addition, we have generally proposed a framework to 
achieve a similar learning model in severely imbalanced datasets. 

 

 
Fig. 5. F-Measure of ModifiedBagging with DT as base classifier in terms of number of 
classifiers 

Perhaps the most important reason of failure in EasyEnsemble and 
BalanceCascade methods is hidden in severely imbalanced nature of the dataset. The 
reason of the well-performing the proposed method is its proper shape for learning 
small datasets. Consider when the data in the minority class is very low, the datasets 
created by EasyEnsemble and BalanceCascade are very low and consequently not 
suitable for learning of AdaBoost. 

Table 2.  Comparison of proposed method with EasyEnsemble and BalanceCascade methods 

ModifiedBagging 
25 DTs 

BalanceCascade 
25 DTs

EasyEnsemble of 
25 DTs

Evaluation 
Criterion

13/17=76.47 5/17=29.413/17=17.65TP 
71/352=20.17 43/352=12.2231/352=8.81FP

281/352=79.83 309/352=87.78321/352=91.19TN 
4/17=23.53 12/17=70.5914/17=82.35FN

294/369=79.67 314/369=85.09 324/369=87.80 Accuracy 
79.13 70.44 66.70 Precision 
76.47 29.41 17.65 Recall 
77.78 41.50 27.91 F-Measure 
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5   Conclusions 

In this paper a new method to learn in a severely imbalanced dataset where the 
number of data points in the minority class is very much less than the number of data 
points in the majority class is presented. This method is applied to an imbalanced 
breast cancer dataset. Inability of basic methods to learn in imbalanced spaces is also 
shown. Also due to the rare number of data points of the minority class in the 
benchmark, even the special-purpose methods are not able to learn the minority class. 
Inability of the special-purpose methods to learn the minority class in such severely 
imbalanced datasets guides us to present an innovative method fully suitable for these 
conditions. The main outcome of the research is in the field of medical research; to be 
used as a medical assistant. According to the profile and history of clients in the 
health centers, the proposed model can identify high risk clients in an automated 
manner. It can detect and treat an early breast cancer to prevent to use costly medical 
treatments and tests for clients and to help medical society to have an assistant. 
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Abstract. This paper deals with an impact of atmospheric conditions on the 
speech quality in the GSM. We found out a correlation between weather condi-
tions and the speech quality. The GSM technology is the most widely utilized 
communication standard which it is now coming to its bandwidth limitation es-
pecially in big cities and densely populated areas. Under such circumstances, 
even a minor weather change and rain could be a decisive factor causing 
changes in the quality of service. We have obtained both meteorological data 
and Mean Opinion Score value specifying the current speech quality in the 
GSM network. Those data are evaluated and compiled via statistical methods, 
whose accomplishment is dataset competent to be utilized by more advanced 
data mining methods.  According to space distribution and fragmentation, our 
team has chosen set of suitable methods used to find data-mining, data analysis 
and correlation. As a computation result, our team found out the correlation be-
tween current rain density and the speech quality. Results from the MOS tests 
are reported, and an analysis of the obtained speech samples is presented. Out-
comes are summarized and potential further directions for the continuation of 
research are discussed. 

Keywords: GSM, Correlation, Mean Opinion Score, K-mean. 

1   Introduction 

One of the criterions to evaluate a success of human civilization is a possibility for 
fast communication, a handover of information from the source to the destination, so 
the final acting element on the end-point could be able to perform required function. 
Nowadays we are able to communicate within seconds from one continent to another 
and thanks to this advancement we are able to become mutually informed about im-
portant issues for reasonable prices.  

Both these technologies could be utilized to provide a stable high-quality service.  
For the measurement of quality, the GSM/UMTS technologies provide the advantage 
of many algorithms which were developed for the IP based networks. This connection 
of specified platform and selected algorithms allow us to build and maintain pro-
grammable and flexible device able to sustain qualitative requirements of speech.  By 
embracing this approach and creation of such a platform we would be allowed to 
measure influence of almost any signal interference from attenuation to high number 
of subscribers. The influence of the concerned weather conditions on the speech  
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quality in the GSM/UMTS networks is also measureable [2,4].  For counting the fig-
ures of dependencies modern methods of clustering are used. For counting of inter-
dependencies we used proven method of clustering. These are working on principal 
division of data into groups in given space, where each attribute stands as an axis. 

In further chapters we will try to describe the measuring mechanism and the whole 
platform as well as the algorithm used for evaluation of the collected results and will 
also try to find whether there is a correlation between the speech quality and the cur-
rent weather conditions. 

2   State of the Art 

There are two main categories of speech quality assessment techniques – subjective 
and objective, the output of which is the Mean Opinion Score (MOS), which is a five 
degree scale for speech quality evaluation developed by ITU-T. The main goal of 
objective methods is as precise as possible estimation of the MOS value as it would 
be obtained by the subjective methods with the number of participants high enough to 
perform reasonable statistical analysis. We distinguish two separate sub-groups in the 
objective methods – Intrusive and Nonintrusive [4, 6]. The intrusive methods use the 
original voice sample as it has entered the communication chain and compares it with 
the degraded one as it has been outputted by this communication chain, the following 
list contains the most important intrusive algorithms. 

• PSQM (Perceptual Speech Quality Measurement), 
• PAMS (Perceptual Analysis Measurement System), 
• PESQ (Perceptual Evaluation of Speech Quality), 
• P.OLQA (Perceptual Objective Listening Quality Assessment). 

From the mentioned algorithms PESQ is currently the most common one [1]. It com-
bines the advantages of PAMS (robust temporal alignment techniques) and PSQM 
(exact sensual perception model) and is described in ITU-T’s recommendation P.862.  

Contrary to intrusive methods which need both the output (degraded) sample and 
the original sample, non-intrusive methods do not require the original sample [6]. 
This is the reason for a conclusion that they are more suitable to be applied in real 
time. Yet, since the original sample is not included, these methods frequently contain 
far more complex computation models. These data are further processed using a par-
ticular method, with a MOS value as the output. The method defined by ITU-T rec-
ommendation P.563 or a more recent computation method E-model defined by ITU-T 
recommendation G.107 are examples of such measurements [5]. 

Solutions are conformant with the specifications of the International Telecommu-
nication Union only from some part therefore the measurements cannot be compared 
without the thorough knowledge of the used algorithms [3].  

On the other hand the telecommunication union itself presents on its websites the 
simple implementation of one of the most advanced algorithms in the field of speech 
quality measurement. Regarding the speech quality in GSM and 3G networks mainly 
the first named company Optikom offers some services [7], but no one has performed 
the long term measurement with the focus on determination of weather influence on 
the speech quality in the GSM networks. 
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On basis of conducted researches of correlations between weather attributes and 
other variables, like aerosol pollutant [13] and human health [14] , there can be de-
termined and defined a ‘typical day’ for geographic area. With knowledge of weather 
patterns in such area, we can say the call quality is enough for given ‘typical’ weather 
or it should be improved.  Also there is high probability, that method used for findings 
of correlation between weather attributes and others could be used for determining 
between weather and call quality as well.  

3   Testing Platform and Data Analysis 

Our main goal was to create a testing platform that would be able to generate GSM 
calls automatically in regular intervals and simultaneously to log the actual weather 
conditions and analyze the calibrated speech sample in accordance to P.862. By using 
this platform we would be able to generate statistically significant amount of input 
data to perform the data mining analysis and find the possible correlation between one 
or multiple weather attributes and the obtained MOS value describing the quality of 
speech. 

3.1   Data Testing and Collection 

Testing data consists of two subsets. First subset is weather related data. Second sub-
set is GSM voice quality parameters related data. Our goal was to uncover possible 
correlations, as such can be important for telecommunication companies. It would be 
clear, in what situations they should increase emitter’s output power to maintain sig-
nal quality acceptable and when they could lower it to save operation cost. 

Data related to weather were acquired by meteorological service of VŠB-Technical 
University of Ostrava. These data were measured during one year 2011, through all 
four weather seasons with the measurement period of five minutes. For calculation 
only the figures of temperature, humidity and rain data was taken even though there 
are many others unrelated to our computation, as for example wind speed. Intention 
was to find correlation between GSM and weather data only in certain periods of time 
due to bad measurable weather conditions in winter, when sensors were covered by 
snow, thus measuring of humidity was endangered. In some weeks weather remained 
unchanged, humidity was low, without a single drop of rain. Because of our limited 
data set of possible influencing factors, we decided to investigate possible correlation 
between weather and GSM data in alterative weather conditions. With gently erratic 
time progress, where an influence of external elements was minimised.  Such weather 
conditions were from August to September of the year 2011.  

Intercommunication devices were placed into building and on the roof of faculty 
hospital near by our university campus, approximately 200 meters away. There were no 
other stable sources of electric pollution causing noisiness affecting signal. As in hospi-
tal there are devices with various emitting frequency, but they are operating in short-
periods only. Signals with high semantic error can be marked and removed as outliers. 

Data related to GSM were measured in idle mode in real GSM network. For meas-
uring,   there was developed an application which both synchronously and automati-
cally saves current GSM data and also saves current weather data . GSM data consists 
of signal strength from one base transceiver station. 
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3.2   Data Normalization and Clearing 

Before the data could be utilized for computation, cleaning and normalization proce-
dures have to be done. The data from GSM represented by MOS are already clean and 
free from unexpected noise or peaks. Protocols used in telecommunication networks 
are designed to be reliable and to be able to transport good quality speech. Even if 
some packets are lost during communication, they can be computed from neighbour 
packets. It can be seen as a con for our measurement, as real adverse weather influ-
ences are shielded. On the other hand this is also an advantage because MOS quality 
speech parameter is tuned and artificially improved as much as possible, hence for the 
time being there is not so much to improve, so MOS data can be included into calcu-
lation as they are, without conditions and further normalization. Such calculated MOS 
outputs can be accepted as not having been affected by marginal error calculations. 

At the opposite are data from weather meteorological station. In network of many 
interstate stations, all data from separate stations are collected and normalized to-
gether, accounting mathematical models of air flow and weather changes. Malfunc-
tion on one station was fixed, random peaks were decreased. Such normalization is 
not suitable for computing correlations between one station and one MOS parameter. 
Inner system in meteorological station allows collecting new data from sensors ap-
proximately every minute. To ensure value update on sensors output was done all 
values were checked in loop until any change was registered, new meteorological 
value was accepted and inserted into data table. To exclude influence of random 
peaks the method of moving average was chosen. To be able to compare GSM and 
weather data, their new values have to be computed in the closest possible moment.  
As there were MOS output once per five minutes, moving average was the best solu-
tion. Then median of five surrounding values was computed. Weather sample in the 
middle was closest to GSM sample on timeline (< 30 sec.), than two samples on left 
and two on right was taken. Data were represented as data table of GSM and weather 
data 1:1 in quantity for analysis.  After that, sorting data from desired period between 
August and September by current rain was done. Lowest current rain rate consider-
able for processing was set to 2.1 mm/h. There were 63 rows remaining in data table, 
all of them from 15th to 28th August.         

3.3   Elaboration Methods 

3.3.1   Method Selection for Advanced Data Processing 
On cleaned and normalized data were used several methods, from which were chosen 
just one. Methods were compared by importance of correlation found in meteorologi-
cal data. K-Means method achieved the best results in the distribution of data into 
clusters. Other test methods for detecting correlations were:  

Bayes classifier – Calculates the effect of individual attributes on other attribute. Not 
much data are needed for proper evaluation. 

Logistic regression – Estimated probability of a phenomenon (dependent) on the 
basis of the facts, what are affecting the occurrence of the phenomenon (independent). 

Unsupervised Learning – Solving the problem of finding hidden structures in data. 
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EM – Iterative method that attempts to find the maximum likelihood estimator of a 
parameter θ of a parametric probability distribution. Originally we expected to work 
with this method, but the results were not the best of all the methods for our data. 

K –Means – Clustering method explained in section 3.3.3 

3.3.2   Clustering 
The simplest definition is shared among all and includes one fundamental concept: 
the grouping together of similar data items into clusters. These [obtained] clusters 
should reflect some mechanism at work in the domain from which samples or data 
points are drawn, a mechanism that causes some samples to bear a stronger resem-
blance to one another than they do to the remaining array. 

Clustering algorithms are useful tools for data mining, compression, probability 
density estimation, and many other important tasks. Choosing k is often an ad hoc 
decision based on prior knowledge, assumptions, and practical experience. Choosing 
k is made more difficult when the data has many dimensions, even when clusters are 
well-separated. 

Centre-based clustering algorithms usually assume that each cluster adheres to a 
unimodal distribution. With these methods, only one centre should be used to model 
each subset of data that follows a unimodal distribution. If multiple centres are used to 
describe data drawn from one mode, the centres are a needlessly complex description 
of the data, and in fact the multiple centres capture the truth about the subset less well 
than one centre. 

Let  ∈  ^  a set of data items representing a set of m points _  in _ . The 
goal is to partition  into K groups _  such every data that belong to the same group 
are more “alike” than data in different groups. Each of the  groups is called a cluster. 
The result of the algorithm is an injective mapping   of data items _  to clus-
ters _  dimensional vector . 

3.3.3   K-Means 
K-means algorithm is one of the most well-known and widely used partitioning 
methods for clustering. It works in the following steps. First, it selects k objects from 
the dataset, each of which initially represents a cluster center. Each object is assigned 
to the cluster to which it is most similar, based on the distance between the object and 
the cluster center. Then the means of clusters are computed as the new cluster centers. 
The process iterates until the criterion function converges. A typical criterion function 
is the squared-error criterion.The k-means algorithm is given in Figure 1. For detailed 
description of k-means clustering, please refer to [12]. 

Let , , … ,  be a dataset with  observations, each of which os p-
dimensional. The objective in K-means clustering is to group these observations into 
categories , , … ,  for given K, such that the objective function 

  ∈     

is minimized. Here  represents the mean vector of observations from ,  ∑ ∈  where | | is the number of observations in  and  ∈   is an 
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Through series of data mining operation we came to conclusion, that the self-
correcting mechanisms implemented in the GSM/UMTS technology prevent call from 
being interfered by weather condition. The fact that there is no statistically significant 
relation between MOS and Humidity, which is the most influencing factor from the 
signal strength point of view, discouraged us from the thought that there might be a 
relation of any kind. Because of this we didn’t expect that the other parameters con-
nected directly to humidity like current rain rate would be influencing the voice qual-
ity with a measurable significance. However, this correlation can be found in the sta-
tistical data.  

The Tab. 1 shows the actual probability of MOS value depending on the current 
rain density. Second row in the table can be seen as the most important as it tells us 
the following: if the current rain density is between 28.5 and 33.9 mm/h we can ex-
pect MOS to be lower than 2.61 with the probability of 64%. Other rows can be read 
similarly. These results in the following, with the increasing rain activity, the MOS 
value drops significantly. Especially when the high rain density is reached (greater 
than 5 mm/h) the MOS value drops to level, where the user can experience very bad 
speech quality and low comprehensibility. The last row is actually a conjunction of 
two separate clusters, which were identified as distinct areas by the algorithm.  
However they are mutually complementary and therefore they were combined into 
single row. 

Table 1. The influence of current rain density on MOS 

Column Value Favours Relative Impact 

CurRainRate [mm/h] >= 33.899 < 2.61 100 
CurRainRate [mm/h] 28.502 - 33.899 < 2.61 64 
CurRainRate [mm/h] 15.133 - 28.502 2.61 – 2.919 100 
CurRainRate [mm/h] 4.883 – 15.133 2.919– 3.292 100 
CurRainRate [mm/h] < 4.883 >=3.292 100 

 
If we put that together with our knowledge of low humidity influence, we can state 

that this quality drop occurs at the beginning of the rain, while the air humidity is still 
low and the effect diminishes as soon as the humidity rises. This can be caused by the 
slow adaptation of the network or mobile station to the rain. 
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decrease of speech quality in the earliest phases of the rain, where the humidity is still 
low. Particularly, we can observe a 50 percent decrease in measured MOS parameter 
when comparing sample results obtained during the heavy rain and those obtained 
during a mild shower. This decrease is reflected in the worsened speech quality by 
glitches in the speech, low comprehensibility and other communication difficulties. 
The reason for this behaviour can be found in the BTS transmitted power adjustment, 
which can modify the level in a range of up to 20dB [8,9].  

The slow response of the correction procedure in the BTS can cause problems with 
the same nature as we have witnessed during our measurement. Other possible expla-
nation includes the influence of the number of subscribers logged in the particular 
BTS at a particular time, but this would result in quality deterioration mainly during 
the busy hour and this behaviour was not observed. No other significant bond was 
found. 

By performing this measurement, we have proven that the low cost measuring plat-
form can be developed and used for the speech quality measurement in the GSM net-
works. We have successfully taken advantage of our team’s knowledge in the IP te-
lephony and transited this knowledge to cellular networks. 

The greatest possible improvement of our method as we see it now is to perform 
the measurement during the whole year to have complete knowledge of the speech 
quality trends during all the possible weather conditions and to modify the testing 
platform by introducing OpenBTS solution, which would allow to gain the full con-
trol over the transmission chain. 
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Abstract. Reverse Distribution Networks are designed to plan the distribution of
products from customers to manufacturers. In this paper, we study the problem
with two-levels,with products transported from origination points to collection
sites before being sent to a refurbishing site. The optimization of reverse distri-
bution networks can reduce the costs of this reverse chain and help companies
become more environmentally efficient. In this paper we describe heuristics for
deciding locations, algorithms for defining routes, and problem-specific genetic
operators. The results of a comparative analysis of 11 algorithms over 25 prob-
lem instances suggest that genetic algorithms hybridized with simplex routing
algorithms were significantly better than the other approaches tested.

1 Introduction

When a manufacturer distributes a product, it is usually assumed that the distribution
from producer to customers is the only chain that has to be optimized. However, there
are many cases in which the products need to be returned to the manufacturer to be
replaced, repaired, or recycled (e.g., defective or environmentally hazardous products).
Reverse distribution networks are defined by the chain in which the products are re-
turned to the manufacturer. It is an interesting problem as very often the cost of the
reverse chain can overtake by many times the price of distributing the product to cus-
tomers [16,18]. Besides, environmentally friendly products have become a marketing
element for companies [25].

In this work we study a formulation for reverse logistics which is based on two levels
[11]. In this area of reverse logistics, the first level represents collection sites, where the
products can be temporarily stored until they are sent to refurbishing sites, represented
by the second level. This formulation of the problem can be reduced to another NP-
Complete problem, and heuristics have been developed to solve it. Besides the known
heuristics for the problem, we study the possibilities of using genetic algorithms for the
solution of this class of problems.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 317–326.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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A model for the two-level reverse distribution network problem takes into account
the cost, limits and capacities of each site as well as the costs of transferring the prod-
ucts. A solution for a given problem includes which facilities are open as well as the
route for the products. Heuristics for deciding the open facilities, such as greedy heuris-
tics or even genetic algorithms, usually work in parallel with algorithms that calculate
the routes for the products.

This work is organized as follows: Section 2 provides a brief description of reverse
distribution networks (RDNs), and in Section 3 a mathematical formulation for the two-
level RDNs model is presented. Section 4 presents a number of heuristics used for the
solution of different aspects of the problem. In Section 5 the proposed GA for the solu-
tion of the two-level RDN problem is discussed. Section 6 describes the experimental
setup and the statistical analysis of the results, which shows that genetic algorithms
performed significantly better than the heuristics on the test set used, particularly when
hybridized with the simplex algorithms. Finally, Section 7 presents some final consid-
erations and ideas for continuity.

2 Reverse Distribution Networks

In a distribution system, the reverse chain represents the return of products to the man-
ufacturer, e.g., for repair or recycling. The formulation considered in this work focuses
on product recall in which the products are initially located at outlets [11]. The prod-
ucts go from the customer to a collection site or straight to a refurbishing site, forming
a two-level problem. Besides the cost of transporting the products, each collection point
and each refurbishing site has a cost for being active. There are many variations of this
problem, with different products or collection layers [15].

The problem has important implications for retailers who need to consider the reverse
chain. Retailers have to be prepared for a number of expectations, risks and impacts that
make it important to consider recommendations at the management level [9].

Many different models have been proposed for reverse distribution [7,2,24] and dif-
ferent solutions were proposed, such as heuristics [7,3,10,1,14], linear programming
[23], evolutionary computation [12], and Markov chains [9]. For the formulation con-
sidered in this work [11], when there are no collection sites, the problem is reduced to
the Capacitated Facilities Location Problem, which is NP-Complete [6]. The difficulty
of finding an optimal solution for large instances in polynomial time justifies the use of
heuristics for the problem.

3 Modeling the Problem

The general model for the problem [11] is described in this section. The objective and
constraint functions use the following definitions:

• I{i/i}, J{ j/ j}, K{k/k}: origination, collection, and refurbishing sites, respec-
tively;

• Ci jk: cost of transporting an unit from the origination site i to the refurbishing site
k through the collection site j;
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• Fj, Gk: cost of opening the collection site j or the refurbishing site k;
• ai: number of products at the site i;
• B j, Dk: maximum capacity of the collection site j or of the refurbishing site k;
• Pmin, Pmax: minimum and maximum number of collection sites to open;
• Qmin, Qmax: minimum and maximum number of refurbishing sites to open.

The objective and constraint functions for this problem are given in Equation (1).

minimize ∑
i

∑
j
∑
k

Ci jkaiXi jk +∑
j

FjPj +∑
k

GkQk

subject to ∑
j
∑
k

Xi jk = 1 for all i

∑
i

∑
k

aiXi jk ≤ B j for all j

∑
i

∑
j

aiXi jk ≤ Dk for all k

Xi jk ≤ Pj for all i, j,k

Xi jk ≤ Qk for all i, j,k

Pmin ≤ ∑
j

Pj ≤ Pmax for all j

Qmin ≤∑
k

Qk ≤ Qmax for all j

0 ≤ Xi jk ≤ 1 for all i, j,k

Pj ∈ {0,1} for all j

Qk ∈ {0,1} for all k

(1)

Each solution of the problem is defined by:

• Xi jk → fraction of units at originating site i that will be transported through the sites
j and k ( j = 0 is used to indicate that the products go straight to k)

• Pj → if the collection site j is open, Qk → if the refurbishing site j is open.

4 Heuristics

The mathematical model for the two-level reverse distribution network problem defines
costs, possible locations, capacity of each facility, number of products located in many
points, maximum and minimum number of each sort of facility, and cost of transport
from each origination site to each refurbishing site through each collection site. Differ-
ent heuristics are described to decide the open facilities and to calculate the routes for
the products.

4.1 Deciding Locations

A simple idea for deciding the open facilities is a greedy heuristic. Based on a greedy
principle, we propose the following heuristic to generate solutions:
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1. Rank order all collection sites Pj and refurbishing sites Qk by their capacity/cost;
2. Sort an integer between pmin and pmax and save it as pgoal. Sort an integer between

qmin and qmax and save it as qgoal;
3. The pgoal collection sites with highest capacity/cost value are open. The qgoal col-

lection sites with highest capacity/cost value are open.

This simple greedy heuristic can generate and explore solutions with different numbers
of open facilities in the two levels of the model. The heuristic can be used by itself or
as part of another meta-heuristic.

Another known method used for deciding the open facilities is Heuristics Concen-
tration [20,11]. That can be done by running an heuristic a number of times in order to
identify facilities which are worth further investigation.

Inspired by the heuristics concentration originally proposed for the p-median prob-
lem [20], a similar approach has been proposed for the reverse logistics problem [11]:

1. Random Selection: random selection of potential collection and refurbishing sites.
For a number of iterations (100 in this work), a subset of size Pmax of collection
sites and Qmax refurbishing sites is randomly selected and the routing of products
for these sites is solved to by another algorithm. All solutions are saved and the best
solution is marked;

2. Heuristics Concentration: the sites most used in the best solutions are added to
the best solution found in random selected phase in order to form a new solution
and the problem is solved to optimality. This new solution is compared to the best
solution from the random selection phase;

3. Heuristics Expansion: add each unused site to the best solution and solve the prob-
lem. If a better solution is found, remember this solution and its configuration, but
leave the best solution unchanged. Check if any of the other unused sites give a
better solution than the new solution found. Repeat this until all the unused sites
are checked. Stop when no better solution is found.

4.2 Routing Algorithms

Given the open facilities for each level, we need to define the routes for the products.
A greedy heuristic can also be used in this task, to find solutions of good quality in
reasonable computing times:

• For each origin site to be examined:

1. Among the valid routes for the products, find the one with lowest cost;
2. Send as many products as possible through this route and update its capacity;
3. If there are still products in the origination site, send them through the next best

route. Otherwise, examine the next origin site.

This approach does not guarantee that the optimal route is found, but it has the advan-
tage of being considerably less computationally expensive than exact methods.

Another solution for finding routes from origination to refurbishing sites would be
to define a second mathematical model for the problem where the collection and refur-
bishing sites are considered part of the problem, for which the solution would be only
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the routes for the products. As we consider that the sites P and Q are no longer decision
variables in the routing problem, a simplified formulation arises (2):

minimize ∑
i

∑
j
∑
k

Ci jkaiXi jk

subject to ∑
j
∑
k

Xi jk = 1 for all i

∑
i

∑
k

aiXi jk ≤ B j for all j > 0

∑
i

∑
j

aiXi jk ≤ Dk for all k

Xi jk ≤ Pj for all i, j,k

Xi jk ≤ Qk for all i, j,k

0 ≤ Xi jk ≤ 1 for all i, j,k

(2)

This formulation is a linear-programming problem that can be solved by a simplex
algorithm to find the optimal values Xi jk in polynomial time.

5 Genetic Algorithm

Having all those heuristics as reference, we propose genetic algorithms (GA) that can
evolve the solutions generated by the heuristics. In order to efficiently evolve the so-
lutions, problem specific genetic operators are defined and the heuristics are used as
approaches to generate new solutions.

In the proposed GAs, each individual is coded as two binary vectors, that represent
the variables P, and Q (section 3). The constraints of the problem are all automatically
satisfied by the genetic operators developed, which simplifies the solution of the prob-
lem by the GAs.

In the proposed approach, the GA searches for good P and Q values, while the heuris-
tics presented in Section 4.2 are used to compute the value of X .

If a special case in which the capacities of the facilities are not enough to keep the
products from the origin sites, the fitness of unfeasible solutions are scaled so that they
are always worse than the feasible solutions.

The final fitness of the individuals is given by their rank [13]. A stochastic ranking
selection [21] is used to decide which parents will generate children.

Besides the fitness functions, the genetic operators are also important to implicitly
filter out undesirable solutions [8]. In this work we employ a crossover operator that
keeps the open facilities that would probably lead to a good fitness. The number of
open facilities of the child is an integer value proportional to the fitness of the parents.
In the child’s genotype, all facilities that are open in the intersection of both parents are
kept open. Other facilities are then taken from the union of the parents facilities until
the goal amount of open facilities for the child is met. Note that this operator does not
allow the generation of solutions that disrespect the constraints that involve Pmin, Pmax,
Qmin, and Qmax.
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Mutation in this work works by simply opening or closing a facility at random.
The initial probability of crossover for each individual ind was set as cpind = 90%,

while the initial probability of mutation was mpind = 5%. Those values were adapted
[26] at every generation for each individual. In each generation, the whole population
is replaced by their children.

The genetic algorithm was used with a population of 40 individuals that were initial-
ized either (i) randomly, (ii) with a greedy heuristic (Section 4.1), or (iii) with Heuristics
Concentration (also described in Section 4.1).

6 Experiments

6.1 Instances

The originating, collecting and refurbishment sites were randomly placed on a 100×
100 square. Then, based on an existing methodology for creating instances [11], the
following values are used:

• Fj = 0.1([1,10000]+B j[0,10])
• Gk = 0.1([1,25000]+B j[0,100])
• Ci jk = Euclidian distance from i to j to k
• ai = [0,500]
• B j = [0,6000]
• Dk = [0,30000]

The notation [n1,n2] represents a uniformly distributed random number between n1 and
n2, and the parameters |I|, |J|, Pmax, |K|, Qmax, used for generating 5 instance sets, are
respectively (i) 30, 14, 4, 12, 2; (ii) 40, 20, 6, 15, 4; (iii) 50, 30, 6, 20, 4; (iv) 70, 30, 6, 20,
4; (v) 100, 40, 8, 30, 6. For each of those 5 parameter configurations, 5 instances were
generated. The instances and the best objective function values found in this work are
available from the authors1 and although some parameters could be adjusted in order
to represent more realistic problems, the parameters were defined in a way to make
comparison with other works possible [11,4].

6.2 Experimental Design

A comparative experiment was designed to evaluate the performance of GA-based
methods relative to other heuristics commonly used in the solution of two-level re-
verse distribution network problems. This experiment consists in the application of 11
different methods on 25 problem instances, 5 from each instance configuration. The al-
gorithms were used as levels of the experimental factor, and the problems were treated
as experimental blocks [17].

We use the following notation for the algorithms compared in this paper: Greedy
Heuristic (Gr), Concentrations Heuristic (CH), Routing Heuristic (RH), Simplex Rout-
ing (SR), Genetic Algorithms (GA), Random Solution Generation (RS). We compared

1 http://www.alandefreitas.com/downloads/problem-instances.php

http://www.alandefreitas.com/downloads/problem-instances.php
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four non-evolutionary heuristics and seven GA-based heuristics, as described in Table
1. Methods A-D are the heuristics that generate solutions and routes. Methods E-J are
Genetic Algorithms with different heuristics for generating the initial solutions (RS, Gr
or CH) and calculating the best routes (RH or RH). Method K is a different configura-
tion of Genetic Algorithm2 proposed by [4] as efficient for reverse logistics. Twenty
replicates of the experiment were performed with a time limit of 3 minutes for Methods
E-K.

Table 1. Methods Compared

Method A B C D

Heuristics Gr+RH Gr+SR CH+RH CH+SR

Method E F G H I J K

Heuristics GA+RS+RH GA+RS+SR GA+Gr+RH GA+Gr+SR GA+CH+RH GA+CH+SR GA2

For all tests performed, the predefined significance threshold was set as 95%, ad-
justed using the Bonferroni correction [22]. Also, rank transformation was employed
in order to reduce the influence of outliers and heteroscedasticity in the analysis of the
data obtained [17].

6.3 Analysis of Results

Figure 1(a) shows the difference of mean objective value obtained by the methods in
each instance. For better visualization, the values were scaled by average rank. A Fried-
man test of the data detected highly significant (p < 10−15) differences in algorithm
performance across the test set used. To evaluate the differences, pairwise testing was
performed using FDR-corrected Wilcoxon Signed-Rank tests [5,19], and bootstrap con-
fidence intervals were derived for the average ranks of each algorithm. The rank effect
sizes for each method are presented in Figure 1(b), after removing the problem effects
and the overall mean.

From the results it should be clear that the methods can be divided into five groups,
with statistically significant differences between groups but not within them. From best
to worst, these groups contain: (i) genetic algorithms based on simplex routing (F, H,
J) and (ii) genetic algorithms with the routing heuristic (E, G, I), with both groups
presenting above-average performance (mean rank smaller than 0). The other three,
below-average groups are composed of: (iii) a less efficient genetic algorithm (K); the
heuristics based on simplex routing (B,D); and the heuristics with the routing heuristic
(A,C).

2 Binary tournament selection, fusion crossover, swap node mutation, replacement of only half
the previous generation, population size 2.|J|, crossover probability 0.5, mutation probability
0.1.
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Fig. 1. Comparison between the methods

7 Conclusion and Future Work

By comparing heuristics for the two-level reverse distribution problem, we conclude
that genetic algorithms, specially the ones based on simplex for calculating the routes,
can improve significantly the results when compared to other heuristics proposed for
the problem.

Different initial populations, however, do not seem to strongly influence the perfor-
mance of the genetic algorithms as all of them had comparable results at confidence
level α = 0.05. On the other hand, all the parameters of the genetic algorithm, such as
population size and probability of the operators, could be better explored in order to
achieve better results.

Ideas for future works include: (i) comparisons to other algorithms, both nature-
inspired and heuristics (ii) tests with Genetic Algorithms for calculating the routes, (iii)
search for globally optimal solutions for the proposed instances, (iv) evaluation of other
genetic operators, (v) parallel evaluation of solutions, (vi) tests on larger and preferably
real-world instances, and (vii) tests with larger time limits.
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Abstract. The energy consumption of each wireless sensor node is one of criti-
cal issues that require careful management in order to maximize the lifetime of 
the sensor network since the node is battery powered. The main energy  
consumer in each node is the communication module that requires energy to 
transmit and receive data over the air. Data compression is one of possible 
techniques that can reduce the amount of data exchanged between wireless sen-
sor nodes. In this paper, we proposed a simple lossless data compression  
algorithm that uses multiple Huffman coding tables to compress WSNs data 
adaptively. We demonstrate the merits of our proposed algorithm in comparison 
with recently proposed LEC algorithm using various real-world sensor datasets. 

Keywords: Wireless Sensor Networks, Energy Efficiency, Data Compression, 
Signal Processing, Adaptive Entropy Encoder, Huffman Coding. 

1   Introduction 

Wireless sensor networks (WSNs) are very large scale deployments of tiny smart 
wireless sensor devices working together to monitor a region and to collect data about 
the environment. Sensor nodes are generally self-organized and they communicate 
with each other wirelessly to perform a common task. The nodes are deployed in large 
quantities (from tens to thousands) and scattered randomly in an ad-hoc manner in the 
sensor field (a large geographic area). Through advanced mesh networking protocols, 
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these sensor nodes form a wide area of connectivity that extends the reach of cyber-
space out into the physical world. Data collected by each sensor node is transferred 
wirelessly to the sink either directly or through multi-hop communication. 

Wireless sensor nodes have limited power source since they are powered by small 
batteries. In addition, the replacement of batteries for sensor nodes is virtually  
impossible for most applications since the nodes are often deployed in large numbers 
into harsh and inaccessible environments. Thus, the lifetime of WSN depends strong-
ly on battery lifetime. It is therefore important to carefully manage the energy con-
sumption of each sensor node subunit in order to maximize the network lifetime of 
WSN. For this reason, energy-efficient operation should be the most important factor 
to be considered in the design of WSNs. Thus, several approaches are followed in the 
literature to address such power limitations. Some of these approaches include adap-
tive sampling [1], energy-efficient MAC protocols [2], energy-aware routing [3] and 
in-network processing (aggregation and compression) [4]. Furthermore, wireless  
sensor nodes are also constrained in terms of processing and memory. Therefore, 
software designed for use in WSNs should be lightweight and the computational  
requirements of the algorithms should be low for efficient operation in WSNs. 

Sensor nodes in WSN consume energy during sensing, processing and transmis-
sion. But typically, the energy spent by a sensing node in the communication module 
for data transmission and reception is more than the energy for processing [5–7]. One 
significant approach to conserve energy and maximize network lifetime in WSN is 
through the use of efficient data compression schemes [8]. Data compression schemes 
reduce data size before transmitting in the wireless medium which translates to reduce 
total power consumption. This savings due to compression directly translate into life-
time extension for the network nodes. Both the local single node that compresses the 
data as well as the intermediate routing nodes benefits from handling less data [9]. 

Two data compression approaches have been followed in the literature: a distri-
buted data compression approach [10], [11] and a local data compression approach 
[5], [9], [12–15]. In this paper, our focus is on lossless and reliable data gathering in 
WSN using a local data compression scheme which has been shown to significantly 
improve WSN energy savings in real-world deployments [9]. After a careful study of 
local lossless data compression algorithms (such as Sensor LZW (S-LZW) [9], Loss-
less Entropy Compression (LEC) algorithm [5], Median Predictor based Data Com-
pression (MPDC) [13] and two-modal Generalized Predictive Coding (GPC) [15])  
recently proposed in the literature for WSNs, we found that most of the algorithms 
cannot adapt to changes in the source data statistics. As a result, the compression per-
formance obtained by these algorithms is not optimal. We therefore propose in this 
paper a simple lossless data compression algorithm for WSN. The proposed algorithm 
is adaptive. The algorithm adapts to changes in the source data statistics to maximize 
performance. 

To verify the effectiveness of our proposed algorithm, we compare its compression 
performance with LEC performance. To the best of our knowledge, till date, LEC al-
gorithm is the best lossless data compression algorithm designed specifically for use  
 



 A Simple Data Compression Algorithm for Wireless Sensor Networks 329 

in WSNs. However, the LEC algorithm cannot adapt to changing correlation in sensor 
measured data. Hence, the compression ratio obtained and by extension the energy 
saving obtainable is not optimal. This therefore gives room for improvement. 

The rest of this article is organized as follows. Section 2 presents our proposed data 
compression algorithm. In section 3, the proposed algorithm is evaluated and com-
pared with the LEC algorithm using real-world WSN data. Finally, we conclude the 
paper in section 4. 

2   The Compression Algorithm 

Our proposed data compression algorithm adopts the followings from the LEC algo-
rithm: (a) to increase the compressibility of the sensed data, we adopt a differential 
compression scheme to reduce the dynamic range of the source symbols. (b) The ba-
sic alphabets of residues are divided into groups whose sizes increase exponentially. 
The groups are then entropy coded and not unary coded as in the original version of 
exponential-Golomb code. Thus, the dictionaries used in our proposed scheme are 
called prefix-free-tables. (c) We also adopt the LEC encoding function because of its 
simplicity and efficiency. Fig. 1 shows the functional block diagram of our proposed 
simple data compression algorithm. The algorithm is a two-stage process. In the first 
stage, a simple unit-delay predictor is used to preprocess the sensed data to generate 
the residues. That is, for every new acquisition mi, the difference di = xi − xi−1 is com-
puted. While xi is current sensor reading(s), xi−1 is the immediate past sensor read-
ing(s). The difference di serves as input to the entropy encoders. In the second stage, 
two types of entropy encoders are used to better capture the underlying temporal cor-
relation in the sensed data. The entropy encoders are 1-Table Static Entropy Encoder 
and 2-Table Adaptive Entropy Encoder.  

1-Table Static Entropy Encoder 

The 1-Table Static Entropy Encoder is essentially the entropy encoder in LEC with its 
coding table optimized for WSNs sensed data. The encoder performs compression 
losslessly by encoding differences di more compactly based on their statistical charac-
teristics in accordance with the pseudo-code described in Fig. 2. Each di is represented 
as a bit sequence ci composed of two parts hi and li (that is ci=hi*li).  

li = (Index)|bi                                                                  (1)   

where 
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Equation (3) returns the index position of each di within its group. (Index)|bi denotes 
the binary representation of Index over bi bits. bi is the category (group number) of di. 

It is also the number of lower order bits needed to encode the value of di. Note that if 
di = 0, li is not represented. Thus, at that instance, ci = hi. Once ci is generated, it is ap-
pended to the bit stream which forms the compressed version of the sequence of 
measures mi.  

 

Fig. 1. The functional block scheme of our proposed data compression algorithm 

 

Fig. 2. The pseudo-code of the encode algorithm  

2-Table Adaptive Entropy Encoder  

High compression ratio performance yields high energy saving since fewer numbers 
of bits will be transmitted by the communication module of the sensor node thereby 
saving lots of energy. Adaptive encoding can enable us to achieve maximal compres-
sion ratio and by extension maximal energy saving. Hence, to enjoy the benefits of  
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adaptive coding without incurring higher energy cost, we resorted to the use of  
multiple static Huffman coding tables. Thus, we propose to implement a 2-Table 
adaptive entropy encoder that compresses blocks of sampled data at a time using two 
static Huffman coding tables adaptively. Each static Huffman coding table is designed 
to give nearly optimal compression performance for a particular geometrically distri-
buted source. By using two Huffman coding tables adaptively and sending the table 
identifier, the 2-Table adaptive entropy encoder can adapt to many source data with 
different statistics. The proposed 2-Table adaptive entropy encoder operates in one 
pass and can be applied to multiple data types. Thus, our proposed algorithm can be 
used in continuous monitoring systems with varied latency requirements by changing 
the block size n to suit each application. The pseudo-code of our proposed simple data 
compression algorithm is given in Fig. 3.  

3   Simulations and Analysis 

The performance of our proposed data compression algorithm is computed by using 
the compression ratio defined as:  

        %
_

_
1100 








−×=

sizeoriginal

sizecompressed
CR                                   (4) 

The compressed_size is the number of bits obtained after compression and the origi-
nal_size is the uncompressed data size. Each uncompressed sample data is 
represented by 16-bit unsigned integers. Publicly accessible real-world environmental 
monitoring datasets are used in our simulations. We used temperature and relative 
humidity measurements from one SensorScope [16] deployments: LUCE Deployment 
with Node ID of 84 for the time interval of 23 November 2006 to 17 December 2006. 
We also used the six set of soil temperature measurements from [17], collected from 
01 January 2006 to 02 October 2006. For simplicity, the flags of missing data in the 
soil temperature measurements which are quite rare were replaced by the value of the 
preceding sample in that soil temperature dataset. To simulate real-world sensor 
communications with fidelity, the temperature and relative humidity measurements 
are converted to sensor readings using the inverted versions of the conversion func-
tions in [18] with the assumption of the A/D conversion precision being 14 bits and 
12 bits for temperature and relative humidity datasets respectively. In addition, we al-
so used a seismic dataset collected by the OhioSeis Digital Seismographic Station lo-
cated in Bowling Green, Ohio, for the time interval of 2:00 PM to 3:00 PM on 21 
September 1999 (UT) [19].  
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Fig. 3 The pseudo-code of our proposed simple data compression algorithm 

For this simulation, the optimized table in Table 1 is used by the 1-Table static en-
tropy encoder and Tables 2 and 3 were used by the 2-Table adaptive entropy encoder. 
The Huffman coding table in Table 2 was designed to handle data sets with high and 
medial correlation while the Huffman coding table in Table 3 was designed to handle 
data sets with medial and low correlation. The combination of these two coding tables 
handles effectively the changing correlation in the sensed data as it is being read 
block by block with each block consisting of n-samples. The Huffman table that gives 
the best compression is then selected. The encoded bitstream generated by that table 
is then appended to a 1-bit table identifier (ID) and thereafter sent to the sink. The de-
coder uses the ID to identify the Huffman coding table used in encoding the block of 
n-residues. Since only two static Huffman coding tables are in use by the 2-Table 
adaptive entropy encoder, the table ID is either ‘0’ or ‘1’. The performance compari-
son between LEC, 1-Table static entropy encoder and 2-Table adaptive entropy en-
coder is given in Table 4. For block size of 1 (i.e. n=1), our proposed algorithm using 
the 1-Table static entropy encoder with the optimized coding table givens better per-
formance than the LEC algorithm. For block size greater than 1 (i.e. n>1), our  
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proposed algorithm using the 2-Table adaptive entropy encoder gives better perfor-
mance than the LEC algorithm. Thus, the combination of the 1-Table static entropy 
encoder with the 2-Table adaptive entropy encoder ensures that the performance of 
our proposed data compression algorithm is better than that of LEC for all value of n. 

Table 1. Huffman Coding Table1 

bi hi d
i

0 100 0
1 110 −1,+1
2 00 −3,−2,+2,+3
3 111 −7, . . . ,−4,+4, . . .,+7
4 101 −15, . . . ,−8,+8, . . .,+15
5 010 −31, . . . ,−16,+16, . . .,+31
6 0111 −63, . . . ,−32,+32, . . .,+63
7 01101 −127, . . . ,−64,+64, . . .,+127
8 011001 −255, . . . ,−128,+128, . . .,+255
9 0110001 −511, . . . ,−256,+256, . . .,+511
10 01100001 −1023, . . . ,−512,+512, . . .,+1023
11 011000001 −2047, . . . ,−1024,+1024, . . .,+2047
12 01100000000 −4095, . . . ,−2048,+2048, . . .,+4095
13 01100000001 −8191, . . . ,−4096,+4096, . . .,+8191
14 01100000010 −16383, . . . ,−8192,+8192, . . .,+16383

Table 2. Huffman Coding Table2 

bi hi d
i

0 00 0
1 01 −1,+1
2 11 −3,−2,+2,+3
3 101 −7, . . . ,−4,+4, . . .,+7
4 1001 −15, . . . ,−8,+8, . . .,+15
5 10001 −31, . . . ,−16,+16, . . .,+31
6 100001 −63, . . . ,−32,+32, . . .,+63
7 1000001 −127, . . . ,−64,+64, . . .,+127
8 10000001 −255, . . . ,−128,+128, . . .,+255
9 1000000000 −511, . . . ,−256,+256, . . .,+511
10 10000000010 −1023, . . . ,−512,+512, . . .,+1023
11 10000000011 −2047, . . . ,−1024,+1024, . . .,+2047
12 10000000100 −4095, . . . ,−2048,+2048, . . .,+4095
13 10000000101 −8191, . . . ,−4096,+4096, . . .,+8191
14 10000000110 −16383, . . . ,−8192,+8192, . . .,+16383

 
Fig. 4 shows the compression ratios achieved by our proposed simple data  

compression algorithm for different values of the block size n for the nine real-world 
datasets. As evident from Fig. 4, the compression ratio performance achieved by our 
proposed data compression algorithm for each of the nine datasets increases with re-
spect to the increase in the block size. Also, for values of n as small as 3 (i.e. n=3), the 
compression ratio performance of our proposed simple data compression  algorithm is 
good (better than LEC performance) for all the nine datasets and the performance  
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improves thereafter as n is increased beyond 3 to 256 as evident from the plots in  
Fig. 4. The best performance of our proposed compression algorithm is recorded in 
the last column of Table 4 which clearly shows that our proposed simple data com-
pressed algorithm outperforms the LEC algorithm. In terms of algorithm complexity, 
our proposed algorithm is simple and lightweight. When compared to the LEC algo-
rithm, our proposed algorithm requires only slightly more memory. Energy is  
conserved since only fewer numbers of bits are transmitted by the communication 
module of the sensor node. 

Table 3. Huffman Coding Table3  

bi hi d
i

0 1101111 0
1 11010 −1,+1
2 1100 −3,−2,+2,+3
3 011 −7, . . . ,−4,+4, . . .,+7
4 111 −15, . . . ,−8,+8, . . .,+15
5 10 −31, . . . ,−16,+16, . . .,+31
6 00 −63, . . . ,−32,+32, . . .,+63
7 010 −127, . . . ,−64,+64, . . .,+127
8 110110 −255, . . . ,−128,+128, . . .,+255
9 110111011 −511, . . . ,−256,+256, . . .,+511
10 110111001 −1023, . . . ,−512,+512, . . .,+1023
11 1101110101 −2047, . . . ,−1024,+1024, . . .,+2047
12 1101110100 −4095, . . . ,−2048,+2048, . . .,+4095
13 1101110000 −8191, . . . ,−4096,+4096, . . .,+8191
14 11011100011 −16383, . . . ,−8192,+8192, . . .,+16383

 

Table 4. Performance comparison between the 2-Table adaptive entropy encoder with LEC and 
1-Table static entropy encoder  

DATASET 

Compression Ratio (CR) % 

LEC single 
Table per-
formance 

Our Opti-
mized sin-
gle Table 
performance 

2-Table Adaptive Entropy 
Encoder performance 

2-Table 
Adaptive 
Entropy En-
coder Best 
performance n=1 n=2 n=3 

LU84 Temp 70.81 71.69 68.01 70.87 71.77 73.48 

LU84 Rh 62.86 63.46 60.50 62.92 63.62 64.75 

SEISMIC Data 69.72 71.24 67.00 70.12 71.16 72.98 

Ts_0 Temp 52.05 52.25 50.92 53.19 54.07 55.76 

Ts_5cm Temp 54.55 54.80 52.38 54.70 55.60 57.05 

Ts_10cmTemp 54.96 55.21 52.50 55.09 56.00 57.68 

Ts_20cm Temp 55.10 55.35 52.51 55.24 56.17 57.97 

Ts_50cm Temp 55.04 55.32 52.44 55.22 56.16 57.97 

Ts_1m Temp 54.97 55.24 52.40 55.16 56.09 57.88 
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Fig. 4 Compression ratios vs. block size achieved by our proposed data compression algorithm 
for the nine real-world datasets 

4   Conclusion 

In this paper, we have introduced a simple lossless adaptive compression algorithm 
for WSNs. The proposed algorithm is simple and efficient, and is particularly suitable 
for resource-constrained wireless sensor nodes. The algorithm adapts to changing cor-
relation in the sensed data to effectively compress data using two Huffman coding 
tables. Our proposed algorithm reduce the data amount for transmission which contri-
butes to the energy saving. We have obtained compression ratios of 73.48%, 64.75% 
and 72.98% for temperature, relative humidity and seismic datasets respectively. The 
evaluation of our proposed algorithm with LEC using real-world datasets shows that 
our proposed algorithm's compression performance is better. Our algorithm can be 
used for both real-time and delay-tolerant transmission. 
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Institute of Applied Informatics, Faculty of Informatics and Information Technologies,
Slovak University of Technology, Ilkovičova 3, 842 16 Bratislava, Slovakia
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Abstract. We present a highly scalable metaheuristic approach to complex net-
work clustering. Our method uses a multicriteria construction procedure (MCP),
controlled by adaptable constraints of local density and local connectivity. The
input of the MCP - the permutation of vertices, is evolved using a metaheuristic
based on local search. Our approach provides a favorable computational complex-
ity of the MCP for sparse graphs and an adaptability of the constraints, since the
criteria of a ”good clustering” are still not generally agreed upon in the literature.
Experimental verification, regarding the quality and running time, is performed
on several well-known network clustering instances, as well as on real-world so-
cial network data.

1 Introduction

Analysis of complex networks is a very lively area of inter-disciplinary research. In
physics, complex networks are studied as dynamic systems, with respect to the pro-
cesses of their growth, evolution and their structure [12,22]. In computer science, they
are related to a large spectrum of practical applications, including data mining [18], web
engineering [19] or bioinformatics [1,6]. Additionally, many popular complex networks
emerge from the analysis of current trends on the Internet, e.g. social networks [3] and
research citation networks [18].

These networks generally tend to have clustered structures. A cluster can be infor-
mally described as a group of similar entities in the network, which generally tend to
create densely connected areas. A problem of searching for a decomposition of the net-
work into clusters is often modeled using graph theory and therefore, it is referred to as
graph clustering [17].

There are numerous applications of graph clustering. In this paper, we focus mostly
on the applications in social networks, in which it is often referred to as community de-
tection [12]. These applications include marketing, recommendation, personalization,
media analysis and human resource management [13,17]. Quite a large attention is
drawn also by the structure of the networks of terrorist organizations [13]. Clustering
of social networks have also been studied in the context of epidemiology of sexually
transmitted diseases [14]. Other applications include grouping of gene expressions in
bioinformatics, most notably in protein interaction [6] and gene-activation dependen-
cies [1].

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 337–346.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013



338 D. Chalupa and J. Pospı́chal

Unfortunately, due to the less formal nature of graph clustering, there exist many
different approaches, how to define, compute and evaluate clusters and clustering. It is
difficult to find out, how suitable a formulation is, since there is no metric of quality,
which is generally agreed to be the most reliable, while being computationally tractable
[17]. Therefore, graph clustering is an interesting application for soft computing, where
one can use the emergence of augmented clustering not only to optimize but also to
observe the nature of the problem formulation. In this work, we are dealing with these
issues and come up with the concept of multicriteria constrution procedures (MCPs),
which encapsulate the selected criteria, while the optimization of the input to the MCP
is performed with a general metaheuristic.

In the terms of graph theory, a clustering of an undirected graph G = [V,E] can be
formalized as a set S = {V1,V2, ...,Vk} of disjoint subsets of V often called classes, i.e.

∀i = 1..k Vi ⊂ V . Let d = |E|
|V |(|V |−1)/2 be the density of the graph to cluster. Then, the

subgraphs G(Vi) induced by the classes Vi (∀i = 1..k) should be more dense than the
graph itself, i.e. ∀i = 1..k d(G(Vi)) > d(G). The values d(G(Vi)) will be referred to as
the intra-cluster densities. An important fact is that this condition is very similar to the
formalization of graph coloring and the clique covering problems [10].

The paper is organized as follows. Section 2 provides an overview of the topic and
the related work. In Section 3, we propose the concept of MCPs and the metaheuristi-
cally optimized multicriteria clustering based on MCPs. In Section 4, we provide the
experimental results of our approach. Finally, in Section 5, we summarize the work.

2 Background and Related Work

Let G be the complementary graph to G. In the graph coloring problem, the objec-
tive is to minimize the number of colors k for classes S = {V1,V2, ...,Vk}, where ∀i =
1..k d(G(Vi)) = 0. The minimal value of k, for which this is possible, is called chromatic
number and denoted as χ(G). Clearly, ∀ Vi ∈ S d(G(Vi)) = 1. The problem to obtain
this partitioning will be referred to as the clique covering problem, which is NP-hard
[10]. It can be seen quite easily that clique covering is a special case of graph cluster-
ing, where each cluster is a clique. On the other hand, the most trivial constraint that
∀i = 1..k d(G(Vi)) > d(G) often leads to trivial solutions, which should be avoided.
Therefore, the formulation of the criteria for graph clustering is understood as an issue
of searching for a balance between this formulation on one hand and the clique covering
on the other [17]. Regarding the complexity of the problems, it is worth mentioning that
not only the clique covering but also many of the meaningful graph clustering quality
measures are known to be NP-hard or NP-complete [5,21]. Nevertheless, all these prob-
lems are related to the structure of the graph. Although this is difficult to formalize, we
can assume that the more asymmetrical the graph is, the more information is hidden in
the structure to guide an optimization algorithm.

Regarding the relevant algorithms, hierarchical clustering uses a selected similarity
measure and either repeatedly divides the graph or merges some partial clusters. In this
sense, we will refer to either divisive or agglomerative clustering. In hierarchical clus-
tering, a tree of candidate clusters, called dendrogram, is used [17]. Another approach
is represented by the spectral methods, using the eigenvalues of the graph’s adjacency
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matrix, which is diagonalized and the vertices are reordered so that the vertices in the
same clusters are next to each other [17]. Local search methods are used for the problem
as well, however, they use the procedure to find a single cluster for a vertex, which is
then used as a seed [16]. A representative of the visual and geometric methods is the
spring force algorithm, which is often used to visualize clustered graphs and thus also
solves the problem in graphical representation [17].

In the clique covering problem, chromatic number of the complementary graph can
be estimated in polynomial time by sequential greedy heuristics, e.g. the well-known
Brélaz’s heuristic [2]. Another approach is the local search, representing a very large
class of algorithms based on iterative improving of current solutions. The basic local
search algorithm, hill climbing, uses elementary changes of solutions to improve them
[15]. Popular stochastic extensions of hill climbing include the simulated annealing
[20,11] and tabu search [8].

3 The Proposed Approach

In this section, we describe the concept of MCPs and propose an MCP based on local
densities of clusters and local connectivities of their vertices as the criteria for the so-
lution construction. Then, we describe the metaheuristic, which is used to optimize the
input of MCPs, i.e. the permutation of vertices.

3.1 The Criteria for Graph Clustering

The objective of our approach to graph clustering is to minimize the number of clusters
in a clustering S of a graph G: min k = |S|; S = {V1,V2, ...,Vk}, subject to the following
global constraints:

1. Each vertex is clustered and the clusters are non-overlapping: [V1 ∪V2 ∪ ...∪Vk] =
V ∧ [V1 ∩V2 ∩ ...∩Vk] = /0.

2. The clusters are more dense than the whole graph: ∀i = 1..k d(G(Vi))> d(G).

Furthermore, we consider the following local constraints, which are dynamic, i.e. they
are influenced by the current state during the construction of the clustering, rather than
remaining static for the whole procedure:

3. The relative connectivity of a vertex to be newly added to the cluster must be
higher than its relative connectivity to the residual, currently non-clustered sub-

graph:
wc

|Vc,i|
>

δr

|Vr|− 1
, where Vc,i is the set of vertices in cluster c at the iteration

i of the MCP, wc is the number edges, brought into the cluster by the vertex to be
newly added and |Vr| and δr are the number of vertices and the degree of the newly
added vertex in the subgraph containing only the currently non-clustered vertices.

4. If there are more candidate clusters, the one with highest connectivity is taken:

c = argmax
c

wc

|Vc,i|
, where for the cluster c, wc

|Vc,i| must be a feasible value, according

to the previous rule.
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5. The vertex to be newly added must bring at least as many edges, as is the current av-
erage intra-cluster degree in the particular cluster, while a small tolerance τ may be

sometimes allowed: wc + τ ≥ 2|Ec,i|
|Vc,i|

, where Ec,i is the number of edges in G(Vc,i).

Criteria 1 and 2 are implied from the basic properties a good clustering should fulfill.
Criterion 3 is used to verify, whether it is favorable to add v j to a cluster or to rather
create a new cluster and let some of the currently unclustered vertices join it. Criterion
4 is used to solve the situations, when more clusters fulfil criterion 3. Finally, criterion 5
is used to ensure a relative uniformity of intra-cluster vertex degrees, which is important
in order to avoid situations, when several small clusters are unnecessarily joined. Pa-
rameter τ plays an important role here, since τ = 0 leads to clusters with very uniform
intra-cluster degrees, while τ > 0 is favorable for clusters with stronger centrality.

3.2 The Multicriteria Construction Procedures (MCPs)

The general framework for an MCP is described in the pseudocode of Algorithm 1. As
the input, we have a permutation of vertices. In the step 2, we take the current vertex
v j from the permutation. In the step 3, we apply the criteria to choose a label c, thus,
joining v j to the corresponding cluster in the step 4. The step 5 is used to update the
auxiliary data specified in Section 3.1, which are needed to implement the multicriteria
cluster choice efficiently. This procedure is repeated, until all vertices are clustered.

Algorithm 1. A General Framework for an MCP

A General Framework for an MCP

Input: graph G = [V,E]
permutation P = [P1,P2, ...,P|V |] of vertices
Output: a clustering S of G

1 for i = 1..|V |
2 j = Pi

3 c = f ind cluster(v j)
4 Vc =Vc ∪{v j}
5 update auxiliary data(Vc)
6 return S = {V1,V2, ...,Vk}

It is important that all the criteria are formulated in the way that during the imple-
mentation, one can verify each of the criteria only by scanning the neighbors of the
currently chosen vertex. This restriction leads to an O(δ ) average complexity per iter-
ation of an MCP, where δ is the average degree of a vertex in the graph. Let v j be the
chosen vertex, c the chosen cluster and let Vc,i and Ec,i be the vertex and edge set of
cluster c at the i-th iteration of an MCP. Then, wc will be the number of edges brought
into the cluster by v j, counted by scanning of the neighbors of v j.
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Using this notation, we will describe MCP-DC as our construction algorithm for
graph clustering. It uses the 5 criteria, as they have been described in the previous
section.

The implementation of the f ind cluster procedure is as follows. One can easily de-
rive that the local density needed in criterion 2 is if and only if:

d(G)|Vc,i|(|Vc,i|+ 1)− 2|Ec,i|− 2wc < 0. (1)

The local connectivity in criterion 3 is fulfilled if the following holds:

|Vc,i|−wc
Vr − 1

δr
< 0. (2)

The maximization of the connectivity in criterion 4, i.e. the ratio wc
|Vc,i| , can be imple-

mented simultaneously with criterion 3, since the necessary values are calculated in the
verification of criterion 3. Finally, the criterion 5 yields the following condition, where
τ ≥ 0 is a parameter of tolerance for the intra-cluster degree of the newly added vertex:

2|Ec,i|
|Vc,i|

− τ −wc ≤ 0. (3)

These observations lead to a construction algorithm, in which the output depends on
the permutation of vertices and, according to the following theorem, the number of
iterations is proportional to the number of edges.

Theorem 1. MCP-DC can be implemented to run in O(δ |V |) = O(|E|) time.

Proof. |Vc,i| and |Ec,i| can be trivially recalculated in O(1) time per iteration. The pre-
vious formulations of the MCP-DC criteria can be implemented by iterative subtracting
of a constant (in the cases of criteria 2 and 5) or the ratio Vr−1

δr
(in the case of criterion 3)

from the respective values. Explicit storage of values wc yields the same for criterion 4.
Restoration of the former values after subtraction can be done by simulating the inverse
process. All these operations need O(δ ) average time per iteration, thus, they lead to an
O(δ |V |) = O(|E|) running time of MCP-DC. ��

3.3 The Metaheuristic for Optimization of the Permutation of Vertices in MCPs

The proposed criteria indicate that we are facing a highly constrained problem. On
the other hand, encapsulation of the constrained part in the MCP leads to two major
advantages in the optimization. First, for each permutation, there exists a clustering,
which will be constructed by an MCP. Secondly, it was confirmed in our experiments
that this formulation does not tend to create hard multimodal functions. In fact, on
real-world data, we were able to optimize the permutation using a simple local search
metaheuristic.

The metaheuristic we used, begins with a random permutation, which can be gen-
erated in place in O(|V |) time [4]. The initial clustering is constructed using an MCP.
Then, at each iteration of local search, we try a single random vertex exchange in the
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permutation and evaluate the new number of clusters using the MCP. The new permuta-
tion is accepted if and only if, for the new permutation P′ leading to k′ clusters, it holds
that k′ ≤ k, where k is the current number of clusters. The local search is stopped when
the number of iterations without improvement exceeds certain threshold. We denote this
as smax.

The choice of this simple metaheuristic was influenced by three factors. The first
reason is the nature of the landscape, which we indicated above. The second factor is
the O(|E|) complexity of the objective function - MCP-DC, where each redundant run
would significantly increase the global running time. Finally, the third factor is that
the general stochastic extensions, such as tabu search [8], do not tend to improve the
performance on this type of landscapes. It could perhaps be useful to find a heuristic to
guide the algorithm to choose the right. However, we have tried several extensions, e.g.
a roulette wheel selection of vertices according to their degrees but the results did not
show any improvement.

4 Experimental Evaluation

In this section, we present the experimental evaluation of our approach. First, we vi-
sually illustrate the emergence of good clustering using our approach on a real-world
sample from a social network. Then, we provide computational results on several in-
stances obtained by MCP-DC and MCP-DC with the metaheuristic. Last but not least,
we measure the running times for different network sizes.

4.1 The Emergence of Good Clustering

Fig. 1 illustrates the process of optimization using the local search algorithm and MCP-
DC on a small instance of real-world social network data, where in each picture, the
vertices in the same cluster are grouped together. This network will be referred to as
Social network I. In this case, with MCP-DC and the metaheuristic, we achieved 5
highly relevant communities. The drawings visually indicate this emergence of clus-
tered structure, where the evolution is driven only by random exchanges of vertices.

4.2 Computational Results

To evaluate our algorithm, we used it to solve the problem in two well-known bench-
marks - Zachary karate club [23] and the American college football network [7]. We
also used instances from two social networks, where the data from Social network II
was obtained using a web crawler. We also used a graph generated by an artificial model
[3]. Table 1 summarizes the computational results obtained in 10 independent runs, smax

is the maximal allowed number of iterations without improvement and τ is the intra-
cluster degree tolerance factor. The primary criterion was k - the number of clusters.
We also measured the average number of iterations and the time needed to obtain the
clustering.

Zachary karate club is known to consist of two partitions, we show the two partitions
found by our algorithm in Fig. 2. Fig. 2 also shows the result obtained for the American
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Fig. 1. An illustration of the emergence of gradually better clustering using the metaheuristic
optimization and MCP-DC. The drawings are done after 0, 100, 1000 and 10000 iterations (from
left to right). The number of clusters is optimized from 12 to 5, where the 5 clusters are highly
relevant for the data.

Table 1. Comparison of the results obtained by only MCP-DC and MCP-DC with the meta-
heuristic (MCP-DC+MH). The metrics are k - the number of clusters, the number of local search
iterations and the running time.

source |V |, |E| smax τ MCP-DC MCP-DC+MH
k k iter. time

Zachary karate club [23] 34,78 5×103 1 7 - 15 2 7035 < 1 s
American college football [7] 115,615 106 0 18 - 23 10 - 12 1237965 252 s
Social network I 52,830 5×104 0 12 - 16 5 - 6 76194 9 s
Social network II 500,924 5×104 1 161 - 197 12 - 15 154964 71 s
Artificial model [3] 500,3536 5×104 0 68 - 79 55 - 60 163449 188 s

Fig. 2. Visualizations of results, obtained by our approach for the benchmark data: a clustering of
the Zachary karate club into 2 communities (left) and a clustering of American college football
league, which is known to consist of 10 conferences (right)

college football network, which is known to consist of 10 conferences. In both cases,
our algorithm found the clusters reliably. Fig. 3 shows results on the social networks,
where the clustering of the smaller network was verified manually, while the relevance
of the clustering of the larger network is indicated by the sparseness in between. What
is perhaps less visible in this drawing, is that the presence of hubs is very pronounced
in these clusters. We note that we did not provide a numerical metric of quality (e.g. the
Adjusted Rand Index [9]) due to exorbitant space, which results obtained using such
metrics, together with precise analysis would require.
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Fig. 3. Visualizations of results, obtained by our approach for the social network data: locally
extracted sample from Social network I (left) and data obtained by crawling Social network II,
which contains more pronounced hubs (right)

4.3 The Running Time

We have shown that MCP-DC has an O(|E|) complexity, which is favorable for sparse
graphs. In these experiments, we measure the time practically needed by the MCP-DC
with the metaheuristic. We used the crawler of Social network II to obtain networks of
different sizes, up to 10000 vertices. In our algorithm, we set smax = 2×104 and τ = 1.

Table 2. The times needed to obtain the clustering on samples from Social network II with dif-
ferent sizes

|V | 500 1000 2000 10000
|E| 924 1876 4247 28675
k 14 - 19 26 - 38 68 - 82 449 - 453
iter. 75363 97621 177622 484703
time 36 s 1 m 34 s 6 m 102 m 49 s

Table 2 contains the results we obtained. First, we can see that the constant value
of smax causes that the number of iterations grows only moderately. This factor, and
the slow growth of |E|, which is typical for most complex networks, implies that the
computational time does not grow exponentially. To be fair, although solid suboptimal
results can be achieved even with smaller values of smax, the current form of our ap-
proach is suitable mostly for medium-scale instances (around 103 vertices). However,
we believe that the adaptability our approach maintains, is a key to solid scalability also
for very large graphs.

5 Conclusion

We presented the concept of multicriteria construction procedures (MCPs) for network
clustering. In this context, we designed MCP-DC - an MCP using the criteria of local
density and local connectivity. In our approach, the input of MCP-DC - the permutation
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of vertices, is optimized using a general metaheuristic. This makes it useful not only as
a graph clustering algorithm but also as a tool to discover pros and cons of the criteria,
which are used to construct the clustering, since these are still not generally agreed upon
in the literature.

Our approach was verified on well-known benchmarks for graph clustering, as well
as on samples obtained from real-world social networks. These experiments showed
much promise both in relevance of results and scalability of the approach.

Acknowledgement. This contribution was supported by Grant Agency VEGA SR un-
der the grant 1/0553/12.
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Abstract. In this paper, we are applying a hybrid soft computing ap-
proach for optimizing the performance of electrical drives where many
degrees of freedom are allowed in the variation of design parameters.
The hybrid nature of our approach originates from the application of
multi-objective evolutionary algorithms (MOEAs) to solve the complex
optimization problems combined with the integration of non-linear map-
pings between design and target parameters. These mappings are based
on artificial neural networks (ANNs) and they are used for the fitness
evaluation of individuals (design parameter vectors). The mappings sub-
stitute very time-intensive finite element simulations during a large part
of the optimization run. Empirical results show that this approach finally
reduces the computation time for single runs from a few days to several
hours while achieving Pareto fronts with a similar high quality.
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1 Introduction

1.1 Motivation

Today about 70% of the total consumption of electrical energy in industry and
about 40% of global electricity is used for electric drives. In [3] it is stated that
about 200TWh are actually needless wasted energy in the European Union and
could be saved by increasing the efficiency of electrical drives. For that reason,
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a regulation was concluded in 2009 by the European Union forcing a gradual
increase of the energy efficiency of electrical drives [8]. However, manufacturers
of electrical machines need to take more than just the efficiency into account in
order to be competitive on the global market. To be able to successfully compete,
the electrical drives should be fault-tolerant, should offer easy controllable oper-
ational characteristics and compact dimensions, and, last but not least, should
have a very competitive price. As such, the need to simultaneously optimize
electrical drives with regards to several objectives is self evident.

In order to evaluate (predict) the operational behavior of an electrical machine
for a concrete design parameter setting, very time-intensive finite element (FE)
simulations (on partial differential equations) need to be performed due to the
nonlinear behavior of the used materials. Even the state-of-the-art optimization
algorithms, typically require the evaluation of thousands of such designs in order
to produce high quality results. By using computer clusters, several evaluations
can be performed in parallel, significantly speeding up the optimization proce-
dure. Still, the need to evaluate every single design by means of FE-simulations
remains a major drawback. Because of this dependency on FE-simulations, opti-
mization runs can take several days to complete, even when distributing compu-
tations over a computer cluster. In this paper we describe an effective hybrid soft
computing approach which is able to greatly reduce the optimization run-time
by relaxing the dependency on FE-simulations.

1.2 Problem Statement and State-of-the-Art

The design of an electrical machine usually comprises at least the optimization
of the geometric dimensions of a pre-selected topology. Furthermore, because
of volatility in the global raw material market, companies tend to investigate
the quality of the electrical drive design with regard to different construction
materials. Formally, the three multi-objective optimization problems (MOOPs)
that we use in this study, can be defined as:

min (f1(x), f2(x), ..., fk(x))

where
f1(x), f2(x), ..., fk(x) and xT =

[
x1 x2 . . . xn

]
(1)

are the objectives and the design parameter vector (e.g. geometric dimensions,
material properties, etc.). Additionally, hard constraints like g(x) can be spec-
ified in order to make sure that the drive exhibits a valid operational behavior
(e.g. the torque ripple is upper bound). Such constraints are also used for inval-
idating designs with a very high price.

g(x) ≤ 0 ∈ R
m (2)

Generally, in order to characterize the solution of MOOPs it is helpful to first
explain the notion of Pareto dominance [4]: given a set of objectives, a solution
A is said to Pareto dominate another solution B if A is not inferior to B with
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regards to any objectives and there is at least one objective for which A is better
than B.

In MOOPs, a single optimal solution is extremely difficult to find and, in many
cases, such a solution does not even exist. The result of an optimization process
for a MOOP is usually a set of Pareto-optimal solutions named the Pareto front
[4]. The ideal result of the optimization is an evenly spread Pareto front which
is as close as possible to the true Pareto front of the problem, i.e. the set of all
non-dominated solutions in the search space.

A widespread classical approach to solve MOOPs is to combine the multiple
objectives into a single aggregating objective (e.g. a linear combination of the
initial objectives) and then use a single-objective optimization technique to find
a solution [4]. The downside of this method is that when trying to find multiple
(Pareto-optimal) solutions, several independent runs are needed with the hopes
that each run would yield a different solution. Unsurprisingly, population based
optimization methods from the field of soft computing like particle swarm opti-
mization [19], ant colony optimization [2] and especially evolutionary algorithms
[4] perform much better in the context of MOOPs. This is because of the inherent
trait of all these methods to step-wise improve sets (populations) of solutions.
As such, various extensions aimed at making the contained populations store
and efficiently explore Pareto fronts have enabled these types of algorithms to
efficiently find multiple Pareto-optimal solutions for MOOPs in one single run.

During the last decade, the use of soft computing methods like genetic algo-
rithms [15] and particle swarm optimization [17] has also become state-of-the-art
in the design process of electrical machines and associated electronics. A detailed
review regarding the performance of these and other optimization methods used
in the field of electrical machine design can be found in [6].

1.3 Our Approach

Recent hybrid learning and optimization methods have proven to be very efficient
at tackling complex real-world problems [1]. In order to obtain a fast and effi-
cient optimization framework, we also resort to a hybrid approach that combines
two well known methods from the field of soft computing [10]: 1.) evolutionary
algorithms - in particular, we consider the specialized class of multiple-objective
evolutionary algorithms (MOEAs) [4] and 2.) artificial neural networks (ANNs)
- in particular, network models belonging to the multilayer perceptron (MLP)
paradigm [12].

The use of MOEAs to efficiently explore the search space and converge (in
relatively few generations) to an accurate Pareto can be considered a somewhat
conventional approach and, throughout this paper, we shall refer to this basic
application of MOEAs in the design process asConvOpt. The fitness evaluation
function in ConvOpt is very time-intensive as it dependents on FE-simulations.
As such, despite the rather fast convergence in terms of generations that need
to be computed, the entire optimization process is quite slow.

Our idea for reducing the evaluation time of individuals is to substitute the
time-intensive evaluation function based on FE simulations with a very fast
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approximation function based on highly accurate regression models, i.e. map-
pings between the motor design parameters and the target values which should
be estimated. These targes are actually optimization specific objectives (1) and
constraints (2). As the mappings are specific for each optimization scenario, they
need to be constructed on-the-fly, at each run of the evolutionary algorithm. This
means that only individuals from the first few generations will be evaluated with
the time-intensive FE-based evaluation function in order to construct a training
set for the target mappings. For the remaining generations, the mappings will
substitute the FE simulation as the basis of the fitness function. This hybrid
approach (HybridOpt) will yield a significant reduction in computation time,
from a few days to several hours, as we verified during empirical tests.

Initially, for constructing the mappings, we considered easy and fast to train
linear models. However, these models turned out not to be sufficiently accu-
rate. Thus, we exploited non-linear techniques and finally decided to use ANNs
because of the following reasons: 1.) they possess the universal approximation
capability [14], 2.) they are known to perform very well on noisy data [16] (in our
application, noise may arise due to slight environmental variations during the
optimization) and 3.) they have already been successfully applied in evolutionary
computation for designing mappings for surrogate functions on several instances
[13]. In order to elicit ANN models of optimal complexity (# of neurons), we
rely on a best parameter grid search and we designed a new selection method
(Section 2.2) that successfully balances model accuracy and sensitivity on the
one side and model complexity on the other.

2 Optimization Procedure

2.1 Multi-objective Evolutionary Algorithms

Two of the mainstream evolutionary algorithms used for solving MOOPs are
NSGA-II [5] and SPEA2 [21]. Because of the similar design principles and similar
performance of the two algorithms with regards to our test scenarios, we decided
to apply NSGA-II for the purpose of this research. The individuals with which
the algorithm operates are represented by real valued design parameter vectors.
The size of the design vector ranges from six to ten. For all considered objec-
tives, minimization towards a value of 0 is the preferred option (as explained in
Section 1.2).

NSGA-II stores at each generation t two distinct populations of the same
size n, a parent population P (t) and an offspring population O(t). Population
P (t+1) is obtained by selecting the best n individuals from the combined pop-
ulations of the previous generation, i.e., from C(t) = P (t) ∪O(t). The fitness of
an individual is assessed by using two metrics. The first metric is a classification
of the individuals in the population into non-dominated fronts. The first front
F1(t) is the highest level Pareto front and contains the Pareto optimal set from
C(t). The subsequent lower-level fronts Fj(t), j > 1 are obtained by removing
higher level Pareto fronts from the population and extracting the Pareto optimal
set from the remaining individuals, i.e., Fj(t), j > 1 contains the Pareto optimal
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set from C(t) \
⋃j−1

k=1 Fk(t). Individuals in a higher-level front Fj(t) are ranked
as having a higher fitness than individuals in a lower-level front Fj+1(t). NSGA-
II uses a second metric, the crowding distance, in order to rank the quality of
individuals from the same front. The crowding distance associated to a certain
individual is an indicator of how dense the non-dominated front is around that
individual. Population P (t+1) is obtained by adding individuals from the higher
non-dominated fronts, starting with F1(t). If a front is too large to be added com-
pletely, ties are broken in favor of the individuals that have the higher crowding
distance — are located in a less crowded region. Population O(t+1) is obtained
from population P (t + 1) by using binary tournament selection, simulated bi-
nary crossover and polynomial mutation. At every generation t, the individuals
that do not satisfy the imposed constraints (2) are removed from O(t) before
constructing C(t).

2.2 Fitness Function Calculation Using ANNs

Basic Idea. Figure 1 contains an overview of the computational stages of the
two optimization processes when wishing to evolve a total of M generations.
Because of the very lengthy runs, for both methods, the result of a single run is
the Pareto front extracted from the combined set of all the evaluated individuals.

In the FE-based MOEA execution stage the firstN generations of each MOEA
run are computed using FE simulations and all the valid individuals evaluated
at this stage will form the training set used to construct ANN mappings. Each
sample in this training set contains the initial electrical motor design parameter
values and the corresponding target output values computed using FE simula-
tion software. In the mapping construction stage, we use systematic parameter
variation and a selection process that takes into consideration both accuracy and
architectural simplicity in order to find the most robust ANN design for each of
the considered target variables and train the appropriate ANN mapping models.

Fig. 1. Diagram of the state-of-the-art, conventional optimization process - ConvOpt
(left side) and of our ANN-based hybrid approach - HybridOpt (right side)
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The next step is to switch the MOEA to a mapping-based evaluation function
for the remaining generations that we wish to compute (mapping-based MOEA
execution stage). The mapping-based evaluation function is extremely fast when
compared to its FE-based counterpart, and it enables the prediction of targets
based on input variables within milliseconds.

In the mapping-based Pareto front computation stage a preliminary mapping-
based Pareto front is extracted only from the combined set of individuals eval-
uated using the mappings. All the solutions contained in the mapping-based
Pareto front are re-evaluated using FE computations in the next stage of
HybridOpt (the FE-based reevaluation stage). This is necessary in order to as-
sure geometric valid solutions. In the final Pareto front computation stage, the
final Pareto front of the simulation is extracted from the combined set of all the
individuals evaluated using FE simulations.

ANN-Based Mapping - Structure and Training. The multilayer per-
ceptron (MLP) architecture (Figure 2(a)) consists of one layer of input units
(nodes), one layer of output units and one or more intermediate (hidden) layers.
MLPs implement the feed-forward information flow which directs data from the
units in the input layer through the units in the hidden layer to the unit(s) in
the output layer. Any connection between two units ui and uj has an associ-
ated weight wuiuj that represents the strength of that respective connection.
The weights are initialized with small random values and they are subsequently
adjusted during a training process based on the standard back-propagation al-
gorithm [18].

In our modeling tasks, we use MLPs that are fully connected and have a
single hidden layer. The number of units in the input layer is equal to the size
of the design parameter vector. Also, as we construct a different mapping for
each target variable in the data sample, the output layer contains just one unit
and, at the end of the feed-forward propagation, the output of this unit is the
predicted regression value of the elicited target, e.g. P (o1) for the MLP presented
in Figure 2(a).

We have chosen to adopt an early stopping mechanism that terminates the
execution whenever the prediction error computed over a validation subset V
does not improve over 200 consecutive iterations, thus preventing the model
from over-fitting. This validation subset is constructed at the beginning of the
training process by randomly sampling 20% of the training instances.

ANN-Based Mapping - Evaluation and Automatic Model Selection.
One important issue in our approach concerns an appropriate automatic selection
of parameters in order to construct an accurate and robust model (mapping) in
terms of expected prediction quality on new data. The basic idea is to conduct a
best parameter grid search, iterating over different parameter value combinations
(including number of hidden neurons, the learning rate and the momentum). For
each parameter combination, a model is constructed and its predictive quality
is assessed using 10-fold cross validation. This leads to a fairly large pool of
different models.
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(a) Diagram of MLP (b) The model selection strategy

Fig. 2. Multilayer perceptron architecture and model selection strategy

Our new, automatic, model selection strategy (Figure 2(b)) is divided into two
stages. Initially, all the models are ranked according to a metric that takes into
account the accuracy of their predictions measured in terms of the mean R2 over
all folds minus the standard deviation of R2 over all folds. The latter reflects the
sensitivity of the model for the concrete choices of the folds, indicating whether a
mapping is biased towards specific regions of the search space. Next, an accuracy
threshold is computed as the mean of the accuracies of the best performing 2%
of all models. The choice of the final model is made using a complexity metric
that favors the least complex model (i.e., lowest number of hidden units) which
has a predictive accuracy higher than the accuracy threshold.

3 Evaluation and Results

3.1 The Optimization Scenarios

We consider three multi-objective optimization scenarios from the field of de-
signing and prototyping electrical drives:

The first scenario (Scenario OptS1 ) is on an electrical drive featuring a slot-
ted stator with concentrated coils and an interior rotor with buried permanent
magnets. The rotor and stator topologies are shown in Figure 3. The design
parameter vector is given by XT =

[
hm αm er dsi bst bss

]
, where all param-

eters are shown in Fig. 3 except for αm, which denotes the ratio between the
actual magnet size and the maximum possible magnet size as a result of all other
geometric parameters of the rotor. For this scenarios, the targets of the ANN
mapping construction phase are the four, unconstrained, Pareto objectives:
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– −η - where η denotes the efficiency of the motor. In order to minimize the
losses of the motor, the efficiency should be maximized and therefore −η is
selected for minimization.

– TcogPP - the peak-to-peak-value of the motor torque for no current excita-
tion. This parameter denotes the behavior of the motor at no-load operation
and should be as small as possible in order to minimize vibrations and noise
due to torque fluctuations.

– TotalCosts- the material costs associated with a particular motor. Obvi-
ously, minimizing this objective is a very important task in most optimiza-
tion scenarios.

– TrippPP - the equivalent of Tcog,PP at load operation. The values of this
objective should also be as small as possible.

The second problem (Scenario OptS2 ) is on an electrical machine featuring an
exterior rotor. The design parameter vector contains seven geometric dimensions.
The aim of this optimization problem was to simultaneously minimize the total
losses of the system at load operation (unconstrained Pareto objective) and the
total mass of the assembly (constrained Pareto objective). This scenarios also
contains a secondary constraint (2) imposed on a geometrical dimension of the
evolved motor designs. This means that, for this scenario, we have a total of
three targets in the mapping construction stage.

The third problem (Scenario OptS3 ) also concerns a motor with an exterior
rotor. The design parameter vector has a size of ten. This scenario proposes four
constrained Pareto objectives: 1.) ls - the total axial length of the assembly, 2.)
TotalMass - the total mass of the assembly, 3.) PCu- the ohmic losses in the
stator coils, 4.)Pfe - the total losses due to material hysteresis and eddy currents
in the ferromagnetic parts of the motor.

3.2 The Testing Framework

Both ConvOpt and HybridOpt use the NSGA-II and SPEA2 implementations
provided by the jMetal package [7]. In case of all the tests reported in Section
3.4, we used NSGA-II with a crossover probability of 0.9, a crossover distribution
index of 20, a mutation probability of 0.2 and a mutation distribution index of
20. These are standard values recommended by literature [5] and set as default
in jMetal. We conducted a preliminary tuning phase with ConvOpt to check
whether different settings for the crossover and mutation distribution indexes
would yield better results but we found no improvement over the standard values.

In the case of HybridOpt, we performed the mapping training stage after
N = 25 generations (for the motivation of this choice, please see Section 3.4). As
we used a population size of 50, the maximum possible size of the training sets
is 1250. The size of the actual training sets we obtained was smaller, ranging
from 743 to 1219 samples. This is because some of the evolved design configura-
tions were geometrically unfeasible or invalid with regards to given optimization
constraints.

The MLP implementation we used for our tests is largely based on the one
provided by the WEKA (Waikato Environment for Knowledge Analysis) open
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(a) Stator (b) Rotor

Fig. 3. Interior rotor topology with embedded magnets

source machine learning platform [11]. In the case of the best parameter grid
searches that we performed in order to create the MLP-based mappings: 1.) the
number of hidden units was varied between 2 and double the number of design
variables, 2.) the learn rate was varied between 0.05 and 0.40 with a step of 0.05
and 3.) the momentum was varied between 0.0 and 0.7 with a step of 0.1.

The search is quite fine grained as it involves building between 704 (scenario
OptS1 ) and 1216 (scenario OptS3 ) MLP models for each elicited target. This
approach is possible because we make use of the early stopping mechanism in
the model training process (see Section 2.2) which in turn assures a quite low
average MLP model training time of 361.12 seconds. We achieve a considerable
speedup in the mapping creation stage by distributing all the MLP training tasks
over a cluster computing environment that is also used to run in parallel required
FE-simulations. As a result, the mapping creation stage took, on average, 149.26
minutes, over all performed tests.

3.3 Considered Performance Metrics

In order to compare the performance and behavior of the conventional and hybrid
optimization processes we use four performance metrics: 1.) the hypervolume
metric H [9] measures the overall coverage of the obtained Pareto set; 2.) the
generalized spread metric S [20] measures the relative spatial distribution of the
non-dominated solutions; 3.) the FE utility metric U offers some insight on the
efficient usage of the FE evaluations throughout the simulation (higher values are
better); 4.) the run-time metric T records the total runtime in minutes required
by one simulation; The H metric has the added advantage that it is the only
MOEA metric for which we have theoretical proof [9] of a monotonic behavior.
This means that the maximization of the hypervolume constitutes the necessary
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Table 1. The average performance over five runs of ConvOpt and HybridOpt

Metric
Scenario OptS1 Scenario OptS2 Scenario OptS3

ConvOpt HybridOpt ConvOpt HybridOpt. ConvOpt HybridOpt

H 0.9532 0.9393 0.8916 0.8840 0.4225 0.3691

S 0.7985 0.6211 0.8545 0.8311 0.4120 0.4473

U 0.1315 0.2210 0.0016 0.0064 0.2901 0.2362

T 2696 991 3798 1052 4245 2318

and sufficient condition for the set of solutions to be maximally diverse Pareto
optimal solutions. In the case of the S metric, a value closer to 0.0 is better,
indicating that the solutions are evenly distributed in the result space.

3.4 Results

In order to obtain a quick overview of the performance of linear models compared
to ANN non-linear mappings, we conducted some preliminary modeling tests on
the 11 targets of all three optimization scenarios: it turned out that the average
model quality measured in terms of R2 was 0.859 in case of the linear models,
whereas ANNs achieved a value of 0.984. On three targets, the linear models
were almost useless, as they achieved an R2 of around 0.6.

In the current version of HybridOpt, it is very important to choose a good
value for the parameter N that indicates for how many generations we wish to
run the initial FE-based execution stage.

Finally, based on extensive tests, we have chosenN = 25 as this is the smallest
value of N for which the trained models exhibit both a high prediction accuracy as
well as a high prediction stability. Over all three data sets and the 6 non-linear
targets, the generational coefficients of determination (for generations 31 to 100)
obtained by the models constructed using samples from the first 25 generations
1.) are higher than 0.9 in 94.52% of the cases; and 2.) are higher than those
obtained by the models constructed using 20-24 generations in 57.52% of the
cases and by those obtained by the models constructed using 26-30 generations
in 42.52% of the cases.

The comparative performance of ConvOpt and HybridOpt is presented in
Table 1. The results for each scenario are averaged over five optimization runs.
On the highly constrained scenario OptS3, the hybrid optimization process is a
little bit worse. The main reason for this is that the hard constraints determine
a high ratio of invalid individuals to be generated during the mapping based
evaluation stage. However, the computation time could still be reduced by ≈
45%. Even though, for this scenario, ConvOpt produces Pareto fronts with a
better H, HybridOpt is still able to evolve well balanced individual solutions in
key sections of the Pareto front — please see Figure 4 for two such examples.
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(a) (b)

Fig. 4. 2D projections of the full Pareto fronts for the highly constrained scenario
OptS3. The black dots denote solutions obtained using HybridOpt. These solutions are
relatively equally distanced, with regards to the considered objectives, from the origin
of the projected Pareto space.

4 Conclusion

In this paper, we investigated multi-objective optimization algorithms based on
evolutionary strategies, using the famous and widely used NSGA-II algorithm,
for the purpose of optimizing the design of electrical drives in terms of efficiency,
costs, motor torque behavior, total mass and others. As the design and the target
parameter space is quite large, we end up having complex optimization scenarios
that require very long computation runs.

In order to alleviate this problem, we experimented with a system that au-
tomatically creates, on-the-fly, non-linear MLP-based mappings between design
and target parameters. Empirical observations over averaged results indicate
that, by replacing the time-intensive FE simulations with fast mapping based
estimations of the target values, we are able to reduce the overall run-time of
the optimization process, in average, by more than 60%. At the same time, the
hybrid optimization process is able to produce Pareto fronts of similar quality
to the ones obtained using the conventional FE-based optimization.
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Abstract. Sound quality is one of the main factors intervening in customers’ 
preferences when selecting a motor vehicle. For that reason, increasingly more 
precision in the models is demanded in the prediction of noise, as alternative to 
the traditional jury tests. Using sound synthesis methods, it is possible to obtain 
the auralization of sound produced by a physical sound source as it would be 
heard in an arbitrary receptor position. The physical source is represented by an 
acoustic equivalent source model and the engine noise is experimentally charac-
terized by means of the substitution monopole technique. However, some  
factors have an influence on the accuracy of the model obtained such as regula-
rization techniques. In this study the influence of the regularization techniques 
on the accuracy of the models has been discussed. It was found that the use of 
iterative algorithm improve the accuracy of the model compared to non-
iterative techniques. 

Keywords: regularization, sound synthesis, sound quality. 

1   Introduction 

By means of auralization, the sound produced is rendered by a physical sound source 
in space, simulating the listening experience in a position given by the space model 
[1, 2]. A typical application is the measurement of acoustic transfer paths of sound 
radiated from a vehicle. It is well known that there are different kinds of sound source 
in a vehicle which may be interesting to identify [3, 4]. In this sense, the auralization 
process begins with a source-transmission path-receiver model to predict the time-
frequency spectrum of the sound field produced by an active source at the receiver 
prediction. The following step is to determine the transfer paths between the source 
and the receiver experimentally or numerically [5]. Combining the two previous steps 
we can calculate the time-frequency spectrum in the receptor position. For non statio-
nary sources a discretization in the time should be made, although this can only be 
carried out by repeating the method of prediction of a simple spectrum in the time. If 
the receptor or the source is in movement it is also necessary to consider a discretiza-
tion in the space and to determine the diverse transfer paths intervening in the process 
[6]. Once the monoaural or binaural time-frequency spectrum has been determined in 
a certain position, the temporal signal of the sound is synthesized based on the charac-
teristics of the sound, like the different orders in an engine spectrum [7]. The result of 
this process is finding out the real experience of an observer in a specific position 
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obtaining the possibility of assessing the sound quality perceived quickly and eco-
nomically. Furthermore, sound quality is of great importance in achieving sound 
which is agreeable to the human ear, in fact noise annoyance not only depends on 
sound exposure levels [8]. 

Auralization models allow the definition of noise standards, thus more realistic and 
effective legislation can be developed. Moreover, the currently applied test proce-
dures, such as the recent change in the ISO 362 procedure for vehicle pass-by noise 
testing can be referred. The new version of this standard, a new procedure has been 
proposed based on a series of experiments; with the aid of accurate auralization mod-
els. This work's contribution is aimed at the assessment of accuracy on engine source 
models which are used in the first step of a vehicle pass-by sound synthesis. The in-
fluence of the regularization techniques has been evaluated to establish the optimal 
configuration in each case. 

2   Materials and Methods 

First, the source model needs to be determined. Next, the type of descriptor and the 
method of quantification of these descriptors have to be selected. The point sources or 
monopoles are also known as an omni directional sound source of a constant volume 
velocity. Monopole sound source are required for reciprocal measurements such as 
Noise Vibration and Harshness (NVH) applications [9]. It is due to very different 
space requirements of sound sources and sensors; measurements of acoustic transfer 
functions are often much easier done reciprocally, i.e. when source and sensor are 
interchanged.  

Once the model to be followed for the source is established, the type of descriptor 
to be used has to be fixed. In this sense, of the three descriptor types found: velocity 
patterns [5], pressure measurements at indicator positions [10], and acoustic particle 
velocity measurements at indicator positions [7], the one most widely used is that 
based on sound pressure levels at a specific distance from the sound source. In the 
source models applied here, the substitute sound sources are quantified by their vo-
lume velocities. Effectively, a monopole sound source has a volume velocity output in 
cubic meters per second and an omni directional directivity. Volume velocity is thus 
equal to the particle velocity (in meters per second) times the surface of the sound 
source. These are obtained from pressure measurements of microphones at indicator 
positions, since the employment of any other type of descriptor for engine sound is 
difficult to measure and costly. 

For the quantification of these descriptors, ‘Airborne Source Quantification (ASQ)’ 
technique has been developed [11]. 

The Transfer Path Analysis (TPA) is a procedure by which it is possible to deter-
mine the flow of vibro-acoustic energy from the source, by means of solid structures 
and air, up to a specific receptor position [10]. When it only intervenes as a means of 
air transmission the TPA is denominated ASQ. Although in some cases the post-
processing time can be important, the inverse ASQ method is, in general, suitable for 
a sound synthesis approach, as will be described later on. 

A real source model is obtained by a substitution source model, in which M mono-
poles are distributed over the radiating surface of the source with acoustic quantities 
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in N field points or indicator points. The relation between the complex volume veloci-
ties q of the M monopoles and the pressures p in N field points is given by the ASQ 
method by (1), in which H is a frequency response matrix  

 ( 1) ( ) ( 1)Nx NxM Mxp H q=
                                                  

(1) 

The calculation of q starting from p and H requires the inversion of a matrix. When 
the number N of indicator points is different from the number of monopoles, the in-
verse matrix H-1 has to be redefined as a least square pseudo-inverse H+. The method 
used the most to obtain the pseudo-inverse is the singular value decomposition 
(SVD), in which the matrix H is factorized, as indicated in (2) 
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in which U  is an N-by-N unitary matrix; V is another M-by-M unitary matrix, the 
superscript H indicating  the Hermitian transpose and σ  a diagonal matrix with non-
negative real numbers on the diagonal (σi≥0) known as singular values of H matrix. A 
common convention is to order the diagonal entries σ  in a descending order 
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being 1 1 1
1 2( , , , ,0, ,0)Rdiag σ σ σ+ − − −=   . 

The inversion of the matrix H taking (4) can be easily calculated due to the  
decomposition properties of the matrices. The difficulty lies in the fact that, often, this 
inversion poses the problem of being ill-conditioned, since most of the systems are 
overdetermined (i.e. with M≥N), as stated in [12]. In this case, the application of 
pseudo-inverse does not ensure the obtaining of satisfactory results, so that the appli-
cation of regularization methods is resorted to. 

2.1   Regularization Techniques 

One of the most and well established regularization methods is the Tikhonov-Phillips 

one which finds the solution xδ
λ to the following minimization problem: 

2 2
min x Hx y Lxδ λ− +

                                             
(5) 

where λ  is known as the regularization parameter whose value must be determined. 
The operator L is used to impose some constraints about the smoothness of the solu-
tion. The selection of regularization parameters is highly complex and, in this respect, 
a large amount of research works have been done to develop a suitable strategy for 
that selection [13].  Among these techniques are the L-curve criterion and the genera-
lized cross validation (GCV) method. These techniques need to test a large number of 
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regularization parameters in order to find reasonably good values and this can be very 
time-consuming although it has the advantage of not requiring any prior knowledge of 
the error level in p observations. However, other techniques require additional infor-
mation on the noise present in the data, or on the amount of regularization prescribed 
by the optimal solution. In this work, the value of the ratio between the regularization 

part 
2

Lx  and the value of the Tikhonov functional 
2 2

Hx y Lxδ λ− +  were 

assigned, in the hypothesis that the regularization part would somehow preserve the 

fidelity to the data represented by the residual norm
2

Hx yδ− . A method is pro-

posed for the updating of regularization parameters, which decreases the Tikhonov 
functional if the regularization part is too large and increases it otherwise.  
With the iterative algorithm, it was aimed to obtain a good solution to the problem 
posed for an acceptable number of iterations and without it being necessary to know 

or estimate e . The results obtained were compared with a different number of itera-

tions and with other traditional methods for the selection of regularization parameters, 
such as the L-curve criterion and the generalized cross validation (GCV) method. 

The L-Curve Validation. The name L-curve comes from the curve representing the 

logarithm of the norm of the solution x    as a function of the logarithm of the  

residue r, for different values of the regularization parameters β . With a small regu-

larization, the norm of the regularized solution drops abruptly with β  for a small 

variation in the residual norm, this being the 'vertical' part of the L-curve. With too 
much regularization, the residual norm significantly increases with β , whereas the 

norm of the regularization solution slightly decreases; this is the 'horizontal' part of 
the L-curve. The best value for β  is obtained in the vertex of the L-curve; this is the 

best compromise between the minimum of x and r. The curve is represented on a 

log-log scale since both magnitudes are not comparable and a relative scale cannot 
therefore be employed. The curvature function is given by the following expression 

( )
' '' '' '

LCV 2/3'2 '2
J ( ) β β β β

β β

ρ η ρ η
β

ρ η

−
=

+
    with log(r ); log( x )β β β βρ η= =          (6)  

‘and’’, being, respectively, the first and second derivative with respect to β . The 

optimal value LCVβ  corresponds to the curve’s corner maximizing function 

LCVJ ( )β . 

Generalized Cross Validation. GCV is the first method for the fit of β . This me-

thod is an extension of the Ordinary Cross Validation principle (OCV), a method 
based on the capacity to obtain a solution with (m-l) observations to predict the m-th 
observation. The GCV function to be minimized is given by   
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(7) 

Tr(x) being for the trace of matrix x. The denominator of the GCV function is an es-

timation of the trend induced by β . Without any regularization ( β =0) since 1hhβ
− is 

equal to mxmI . When the amount of regularization increases, the matrix 1hhβ
−  moves 

away from the identity matrix, with the value of the denominator GCVJ being  

increased. 

Iterative Tikhonov algorithm. The Tikhonov method establishes that the function 
(5) has a single minimum for any value λ >0, the same as 

2 2
(x, ) Hx y Lxδθ λ = − + λ

 
in which N(·) is a null space of the matrix. 

2 2
(x, ) Hx y Lxδθ λ = − + λ

                                           
(8) 

Considering that xλ is the minimum of the function, this can be characterized as the 
solution of the system: 

* * *(H H L L)x H yδ
λ+ λ =                                                   (9) 

An novel iterative algorithm is used in this work to computerize the values (xk,λk), 
where λk is updated  in each iteration and xk  is obtained by applying the CG iterations 
to (9) with λ=λk. The problem in the regularization techniques is how to determine the 
regularization parameters. This is because when the parameters are too large the solu-
tion will significantly deviate from the correct solution, and when they are too small, 
they complicate the problem too much. γ  being the prescribed weight of regulariza-

tion part 1ˆ 1e−γ = 2
Lx  with respect to the Tikhonov functional, for each given value 

of kλ , kx  is computed resolving (7) and kγ  as: 

2

k
k

k k

Lx

( x , )
γ

θ λ
=

                                                             

(10)  

Employing the following rule for the updating of regularization parameters: 

k 1 k kˆsign( )+λ = λ + γ − γ μ     

k

k k

k

ˆ1 if ( ) 0

ˆ ˆsign( ) 1 if ( ) 0

ˆ0 if ( ) 0

γ − γ >
γ − γ = − γ − γ <
 γ − γ =                                           

(11) 

The precision of the solution obtained for a value of de  31eγ −=  was verified. 
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2.2   Problem Description 

In previous sections have been shown, highly detailed, the reasons for the selection of 
the source model, the type of descriptors and the method for the quantification of 
monopoles. By means of the experiments carried out in this research, it was aimed to 
measure the influence of certain key factors which affect the precision of these types 
of models, such as the influence of the regularization strategies (regularization 
strategy used, selection of parameters or number of iterations). Some authors have 
evaluated tire sound source in vehicle based on the number of monopoles required 
and non iterative Tikhonov regularization [14]. Figure 1 shows models with 
monopoles taken into account in this paper, classified in ascending order as a function 
of the number of monopoles studied. In all the models, the radiating engine is 
modelled as a limited set of radiating sub-sources. The radiation of these sub-sources 
can be approximated to the radiation of a simple monopole by finding the mean of the 
transfer functions, although this does not modify the number of unknown source 
strengths q. The amount of points used in the mean of each FRF is determined 
considering the number of loudspeakers involved.  

 

 

 

 

 

 

 

Fig. 1. Overview of models studied 

Additionally, the sound emitted by the source was a random burst noise of between 
100-10000 Hz (no noise, 1% and 5%). From the perspective of the auralization of the 
sound in real time, it is important for the number of monopoles to be as small as poss-
ible without compromising the accuracy of the spectrum predicted in terms of sound 
quality.  

The set-up used for this research consisted of a rectangular box with outer dimen-
sions 902 mm x 602 mm x 190mm, with 24 loudspeakers separated from it at a dis-
tance of 100 mm, see Figure 1. The nearest indicator microphones are positioned at a 
distance of 0.15 m from the loudspeaker cabinet. The set-up is placed inside a semi-
anechoic room, where background levels remains below 35 dB(A). An LMS instru-
mentation series, consisting of a portable and multi-channel SCADAS meter, several 
Brüel and Kjaer (B&K) prepolarized free-field half-inch microphones model 4950 
and prepolarized free-field quarter-inch microphone model 4954 were utilized as the 
measuring device. LMS Test.Lab was the measurement software package and all the 

9 sub-sources 
models 

Engine mock up 

Engine  
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microphones were calibrated with a B&K calibrator model 4231. Recorded measure-
ments were sent to Matlab for post processing. The measurements were taken with a 
sampling frequency of 20.480 kHz. The frequency resolution was 1.25 Hz and 50 
spectral averages were implemented for analyses. Linear averaging was used to place 
equal emphasis on all spectra or time records. This type of averaging is helpful for the 
analysis of stationary signals.  

3   Results and Discussion 

The inversion of the matrix H in this type of model presents the ill-conditioned prob-
lem. The quantification of the substitution sources depends on the conditioning of the 
problem and success is not guaranteed by only employing the simple least squares 
method [15]. Figure 2 represents the condition number as a function of the frequency 
for models 2-24. Some authors [10] indicates that a condition number is small when it 
reaches values of around 103. Observing Figure 4.9 we can affirm that only model 
24M has a high condition number. In our case, the number of indicator microphones 
was the same for all the models, 24, which was higher than the number of monopoles 
in models 2-12M and the same as the number of monopoles in model 24M. Note that 
the condition number increases at low frequencies. Starting from 1 kHz, the condition 
number becomes stable, around 2, which means that the smallest singular value is 
equal to 50 percent of the greatest one. For the source reconstruction this signifies a 
limitation in the resolution achieved. However, for the prediction of the resulting 
spectrum in the receptor position it is not a problem. Also, as established in [16], the 
conditioning improves when the geometry of the positions measured which are iden-
tical to the geometry of the source is selected, and when these measurements are made 
close to the source.  

The spectrograms in Figure 3 show the error in 1/3rd octave band for the configu-
ration of phase v1 in the target microphone 4 for a random burst noise. It can be ob-
served graphically how the error diminishes when applying the regularization strate-
gies. The superiority of the iteration algorithm with respect to traditional methods is 
also clear, with the result improving as from 200 iterations.  

 

Fig. 2. Condition number models 2-24 M 
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Fig. 3. Error on 1/3rd octave band for random burst noise: a) without regularization, b) with 
GCV technique, c) L-curve technique, d) with Tikhonov iterative 200 it, e) with Tikhonov 
iterative 300 it and f) with Tikhonov iterative 400 it. 

4   Conclusions 

Using the monopole substitution technique, the noise of an engine has been experi-
mentally characterized. Different models have been applied, varying the number of 
monopoles in order to quantify the number of descriptors necessary to obtain an ac-
ceptable precision. The improvement in the regularization strategies was demonstrat-
ed even when the problem displayed a good conditioning. The results achieved with 
the Tikhonov iterative algorithm reveal their superiority compared to non iterative 
regularization techniques. Moreover, it has been shown that the number of monopoles 
has influence on the number if iterations required. Future research could be aimed at 
studying other types of sources of vehicle sound and investigating more psychoacous-
tic parameters, which could be of interest for the characterization of the error commit-
ted in the model; as well as minimizing the number of iterations necessary in the  
regularization algorithm, fixing a criterion as a function of the error instead of  
establishing a number of fixed iterations. 
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Abstract. The quality of products of heavy industries plays an important role
because of further usage of such products, e.g. bad quality of steel ingots can
lead to a poor quality of metal plates and following wastrels in such processes,
where these metal plates are consumed. Of course, single and relatively small
mistake at the beginning of a complex process of product manufacturing can lead
to great finance losses. This article describes a method of defects detection and
quality prediction of steel slabs, which is based on soft-computing methods. The
proposed method helps us to identify possible defects of slabs still in the process
of their manufacturing. Experiment with real data illustrates applicability of the
method.

Keywords: Quality prediction, Symbolic Regression, Data Analysis.

1 Introduction

In these days, almost every production process contains some type of computer or au-
tomaton. They are used not only for controlling of the process, but also for monitoring
many types of sensors. Data from these sensors may be used for quality prediction,
but this is not easy task. The quality is affected by many conditions which must satisfy
very complex rules. These rules are defined by international and national standards (like
ISO, ECS, CSN), technology process and experts. But specification of these rules is not
always possible by these methods.

Proposed method of quality prediction of steel slabs described in this article. The
process of steel slabs production is quite difficult especially for uninitiated people. Pro-
duction process is supervised from the beginning mixture of input materials, through the
phase of continual pouring, cooling, rolling and cutting until final slab is finished and
ready for further consequential processes. A set of measurement is done during men-
tioned process, such as the measurement of temperatures, pressure, flow velocity, ration
of input materials, amount of cooling medium, etc. Some of these values can are mea-
sure by usage of contactless sensors (temperature, pressure), the others are measured
by usage of expensive destructive tests, e.g. measurement of temperatures inside smelt-
ing furnance. Non-destructive measurements can be done in a short time period and for
the final decision making process are very important as well as their aggregated forms,
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e.g. the minimal temperature during the last hour. On the other hand, destructive mea-
surements are done quite rarely, around 2-3 times during the whole smelting process.
All mentioned values are stored with final products, More over, sequences of particular
products is stored as well - a steel strip is finally divided into several slabs. These in-
formations are very important for sellers because of possible reclamations and tracking
of related slabs, which were distributed separately. It is clear, that quality measurement
play an important role and companies have to spend a lot of money on that. Moreover,
final products lie under laboratory experiments, however just a randomly chosen sam-
ple of all products can be tested because of finance costs - products are debased and
excluded from further production process. A complex system for quality measurement
and prediction of steel slabs defects should eliminate bad products or parts even during
the production.

The proposed method based on Symbolic Regression and Genetic Algorithms makes
a part of a complex system for quality measurement. It reduces the need of laboratory
experiments because all results (defect predictions) are evaluated with respect to non-
destructive measurements of intermediate and final products. All collected information
are stores in Quality Data Warehouse (QDW). Many methods for data analysis need
normalized data for their proper function. So it is necessary to preprocess data before
they are used. As it was mentioned before, technological process is very complex and
can use many sensors which produce a lot of data. These data usually contain duplici-
ties, hidden relations, and/or noise which can be very confusing for analytical methods.
They also have plenty attributes/features which is expressed in large data dimension.
Detailed description of proposed methods, which can be used for on-line prediction
and off-line evaluation, is described in the following section.

2 Symbolic Regression via Genetic Programming on GPU

Symbolic regression via genetic programming is a branch of empirical modeling that
evolves summary expressions for available data. Although intrinsically difficult (the
search space is infinite), recent algorithmic advances coupled with faster computers
have enabled application of symbolic regression to a wide variety of industrial data
sets. Unique benefits of symbolic regression include human insight and interpretabil-
ity of model results, identification of key variables and variable combinations, and the
generation of computationally simple models for deployment into operational models.

The challenging task of symbolic regression is to identify and express a real or sim-
ulated system or a process, based on a limited number of observations of the system’s
behavior. The system under study is being characterized by some important control pa-
rameters which need to be available for an observer, but usually are difficult to monitor,
e.g. they need to be measured in a lab, simulated or observed in real time only, or at
high time and computational expenses. Empirical modeling attempts to express these
critical control variables via other controllable variables that are easier to monitor, can
be measured more accurately or timely, are cheaper to simulate, etc. Symbolic regres-
sion provides such expressions of crucial process characteristics, or, response variables,
defined (symbolically) as mathematical functions of some of the easy-to-measure input
variables, and calls these expressions empirical input-output models (or input-response
models).
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Industrial modeling problems, for which symbolic regression is used, have two main
characteristics:

• No or little information is known about the underlying system producing the data,
and therefore no assumptions on model structure can be made.

• The available data is high-dimensional, and often imbalanced, with either abundant
or insufficient number of samples.

A particular solution of symbolic regression in a form of mathematical formula can
be illustrated by a tree structure as well, see the Figure 1. Some nodes have different
colors, which will be discussed in more detail later. Edge can have weights to make the
whole model more fuzzy.
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*
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0.7
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0.3
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Illustrative example:
Let have a set of N input vectors of dimension
k. Then v[0] represents the first element of input
vectors. The formula

ri = (0.5∗0.123)+(0.5∗((0.7∗v[0])∗(0.3∗0.456)))
returns a result ri for every i-th input vector,

where i ∈ N .

Fig. 1. Illustrative result of Symbolic Regression

The set of symbols (functions) depends on application area and represents one of the
advantages of symbolic regression. In statistics, attribute dependences can be simulated
and tested with a set of symbols of logical functions S = {∧,∨,⊃,≡,¬}, in the area
of signal processing with a set of goniometric functions S = {sin, cos}, etc.

To discover acceptable models with realistic time and computational effort, symbolic
regression exploits a stochastic iterative search technique, based on artificial evolution
of model expressions. This method called genetic programming looks for appropriate
expressions of the response variable in the space of all valid formulas containing a
minimal set of input variables and a proposed set of basic operators and constants.

Evolutionary algorithms are stochastic search methods that mimic the metaphor of
natural biological evolution, which applies the principles of evolution found in nature
to the problem of finding an optimal solution to a solver problem. An evolutionary al-
gorithm is a generic term used to indicate any population-based optimization algorithm
that uses mechanisms inspired by biological evolution, such as reproduction, mutation
and recombination. Candidate solutions to the optimization problem play the role of in-
dividuals in a population, and the cost function determines the environment within the
solutions “live”. Evolution of the population then takes place after the repeated applica-
tion of the above operators. Genetic algorithm is the most popular type of evolutionary
algorithms.
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3 Genetic Algorithms (GA)

Genetic algorithms (GA) described by John Holland in 1960s and further developed
by Holland and his students and colleagues at the University of Michigan in the 1960s
and 1970s. GA used Darwinian Evolution to extract nature optimization strategies that
use them successfully and transform them for application in mathematical optimization
theory to find the global optimum in defined phase space [2][6][7].

GA is used to extract approximate solutions for problems through a set of opera-
tions “fitness function, selection, crossover, and mutation”. Such operators are princi-
ples of evolutionary biology applied to computer science. GA search process depends
on different mechanisms such as adaptive methods, stochastic search methods, and use
probability for search.

Using GA for solving most difficult problems that searches for accepted solution;
where this solution may not be the best and the optimal one for the problem. GA are
useful for solving real and difficult problems, adaptive and optimization problems, and
for modeling the natural system that inspired design [11][1].

Some applications that can be solved by GA are: scheduling [9], communication
network design [5], machine learning [4], robotics [10], signal processing [8], image
processing [3], medical [12], etc.

The fact that symbolic regression via genetic programming (GP) does not impose any
assumptions on the structure of the input-output models means that the model structure
is to a large extent determined by data and also by selection objectives used in the evo-
lutionary search. On one hand, it is an advantage and the unique capability compared
with other global approximation techniques, since it potentially allows to develop in-
herently simpler models than, for example, by interpolation with polynomials or spatial
correlation analysis. On the other hand, the absence of constraints on model structure is
the greatest challenge for symbolic regression since it vastly increases the search space
of possible solutions which is already inherently large.

4 Proposed Genetic Algorithm for Symbolic Regression

Typically, any genetic algorithm used for purpose of optimization consists of the fol-
lowing features:

1. Chromosome or individual representation.
2. Objective function “fitness function”.
3. Genetic operators (selection, crossover and mutation).

Applying GA on population of individuals or chromosomes shows that several opera-
tors are utilized.

4.1 Chromosome Encoding

The chromosome in form of tree structure represents a suitable encoding for our pur-
poses. Just for simplicity, we pass away physical arrangement of such data structure in
computer memory. The the following rules were applied in our solution:
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• There are only three types of tree nodes: Constant, Variable, Function. See the red,
green and blue nodes in the Figure 1.

• The edges’ weights are set randomly.
• All leaf nodes are Constant or Variable nodes.

4.2 Objective Function

The goal of GA is to find a solution to a complex optimization problem, which optimal
or near-optimal. GA searches for better performing candidates, where performance can
be measured in terms of objective “fitness function”. Because of knowledge of results
of all input vectors in the training set, the fitness function minimizes measured error be-
tween known and achieved results. All input vectors go through all trees (chromosomes)
and finally a fitness value is computed for every chromosome.

4.3 Selection Operator

Selection determines which solution candidates are allowed to participate in crossover
and undergo possible mutation. The chromosomes are sorted with respect to their fitness
function results. A given percentage of worst chromosomes is deleted. This is the matter
of application settings.

4.4 Crossover Operator

Promising candidates, as represented by relatively better performing solutions, are com-
bined through a process of recombination referred to as crossover. This ensures that the
search process is not random but rather that it is consciously directed into promising
regions of the solution space. Crossover exchanges subparts of the selected chromo-
somes, where the position of the subparts selected randomly to produce offspring. An
illustrative example could be seen in the Figure 2.

4.5 Mutation Operator

New genetic material can be introduced into the population through mutation. This in-
creases the diversity in the population. Mutation occurs by randomly selecting particular
elements in a particular offspring. In case of symbolic regression, following mutation
are defined:

• Function/Symbol node (FN) can be substituted by FN only to prevent tree structure
breaks. Both functions should have the same arity.

• Constant node (CN) and Variable node (VN) can mutate randomly
• All weights can be changed randomly.
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B) The state after crossover.

Fig. 2. Crossover example

5 Experiments

Several experiments and their results are described in this section. Before that, the data
set is defined.

5.1 Dataset

Experimental and real data set was collected during one month in a steel mill factory.
The data contains 9132 records - slabs with laboratory evaluations. Every record con-
sists of 3044 attributes. There are three types of defects/errors (Scale, Material, and
Mechanical). The Scale means that the production does not follow the production pro-
cess. The second one, Material means that the resulting products has a material error.
The last error Mechanical indicates bad mechanical behaviors. The following table 1
contains statistics of all detected error. “Negative” records represent such cases, where
some defect was detected.

The dependency of the precision of prediction model on the amount of records in
the training data set was tested. The whole set of records was divided into two parts
(training/testing set) with respect to following rates: 20/80, 30/70, . . . , 80 : 20. More-
over, records in the training set were selected randomly such that they cover positive
and negative records.
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Table 1. Summary table of experimental data sets

Error type Negative records Positive records Total
Scale 4479 4653 9132

Material 203 8929 9132
Mechanical 1237 7895 9132

Several parameters were evaluated in the experiments.

• True positives (TP) is the number of successfully detected positive records.
• True negative (TN) is the number of successfully detected negative records.
• False positives (FP) is the number of unsuccessfully detected positive records.
• False negative (FN) is the number of unsuccessfully detected negative records.
• Sensitivity (also called recall rate in some fields) measures the proportion of actual

positives which are correctly identified as such (e.g. the percentage of sick people
who are correctly identified as having the condition). Sensitivity relates to the test’s
ability to identify positive results. = TP/(TP + FN)

• Specificity measures the proportion of negatives which are correctly identified (e.g.
the percentage of healthy people who are correctly identified as not having the
condition). Specificity relates to the ability of the test to identify negative results.
= TN/(TN + FP )

• Total precision is given by TP + TN)/(TP + TN + FP + FN

In experiments, the most important parameter is Sensitivity, because it is better to mark
good slab as suspicious than allow a faulty slab to go through without investigation.
But, of course, we would like to maximize both these parameters.

5.2 Results of Experiments

The tables 2, 3, and 4 show resulting data of performed experiments. The column Ra-
tion indicates the percentage size of training data set. One can see the number of rel-
evant records in columns TP, TN, FP, and FN. The values in columns Sensitivity,
Specificity, and Total Precision are in percentages. Because of the stochastic nature
of the used Genetic algorithms, we perform all experiments 10× and the results were
averaged.

Table 2. Experiments with the data set, where the Material defects should be detected

Ratio TP TN FP FN Sensitivity Specificity Total Precision
20 163 7103 0 0 100.00 100.00 100.00
30 143 6190 0 0 100.00 100.00 100.00
40 122 5270 0 0 100.00 100.00 100.00
50 102 4509 0 0 100.00 100.00 100.00
60 82 3653 0 0 100.00 100.00 100.00
70 61 2740 0 0 100.00 100.00 100.00
80 41 1827 0 0 100.00 100.00 100.00
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Table 3. Experiments with the data set, where the Mechanical defects should be detected

Ratio TP TN FP FN Sensitivity Specificity Total Precision
20 990 2594 3475 0 100.00 42.74 50.77
30 784 5156 0 82 90,53 100.00 98.64
40 669 4243 0 74 90.04 100.00 98.52
50 560 3964 0 59 90.47 100.00 98.71
60 454 3653 0 41 91.72 100.00 99.01
70 345 2740 0 27 92.74 100.00 99.13
80 228 1827 0 20 91.94 100.00 99.04

Table 4. Experiments with the data set, where the Scale defects should be detected

Ratio TP TN FP FN Sensitivity Specificity Total Precision
20 3582 2600 227 2 99.94 91.97 96.43
30 3133 2247 118 3 99.90 95.01 97.80
40 2685 2230 98 3 99.89 95.79 97.99
50 2237 2283 88 3 99.87 96.29 98.03
60 1791 2233 81 1 99.94 96.50 98.00
70 1342 2270 100 2 99.85 95.78 97.25
80 894 1827 0 2 99.78 100.00 99.93

As may be seen from the tables, the efficiency of the algorithm is very high. We made
a comparison with a classical SVM approach with RBF core. The achieved results were
around 87% of total precision in maximum when we used 80% of record for learning
phase.

6 Conclusions and Future Work

This article describes a method of detecting defects of steel slabs using symbolic regres-
sion via genetic programming. As it was mentioned at the beginning, the processes in
heavy metal factories and their products are too expensive to make mistakes, which can
be avoided. Proposed method can help to detect defects before the steel slabs are used
in further production. The method was tested on real data and compared with results,
which were achieved by real, standard and mostly expensive measurements. Achieved
results were are very promising, the most important parameter, Specificity, was 100%
for all three types of error. In the future, we would like to suggest a complex methodol-
ogy of measurement and prediction of quality of steel slabs.
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Abstract. The article deals with the modeling and predictive control of real hy-
draulic system using artificial neural network (ANN). For the design of optimal 
neural network model structure we developed procedures for creation optimal-
minimal structure which ensure desired model accuracy. This procedure was 
designed using genetic algorithms (GA) in Matlab-Simulink. The predictive 
control algorithm was implemented using CompactLogix programmable logic 
controller (PLC). The main aim of the proposed paper is design of methodology 
and effective real-time algorithm for possible applications in industry. 

Keywords: Neural network, genetic algorithm, predictive control, PLC realiza-
tion, optimization methods. 

1  Introduction 

Neural networks are currently used in various fields such as signal processing, image 
recognition, natural speech recognition, identification and others [1]. Functions in 
programmable logic controllers (PLC) libraries are simple (bit operations, summation, 
subtraction, multiplication, division, reminder after division, etc.) or complex (sine, 
cosine, absolute value, vector summation, etc.) mathematical functions but without 
artificial neural systems, while PLC systems are currently the most commonly used 
control systems in industry. In PLC systems are also missing matrix operations and 
often vector operations, generally said parallel mathematical operations. The proposed 
paper has the objective to demonstrate the real deployment of optimal neural network 
for modeling and predictive control of hydraulic system. 

2  Realization of Neural Network Control Algorithm by 
Programmable Logic Controllers 

Modeling and Control of nonlinear processes using artificial neural networks in prac-
tice can be solved in two ways. The first way is the deployment of modeling and con-
trol algorithm in the master system (SCADA, Application running on the PC, local 
HMI, etc.). In this case, the algorithm is separated from the control system and  
therefore it is important to ensure trouble-free communication between these parts of 
control as well as fixed sampling time. In the event of a failure of communication, 
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must take control the local control system. The second solution is the implementation 
of intelligent algorithms directly to the control system. Most commonly used control 
systems are programmable logic controllers (PLC’s). PLC is a digital computer used 
for automation of electromechanical processes, such as control of machinery on facto-
ry assembly lines, etc. PLC’s are used in many industries and machines. For the pro-
gramming of such control systems have been introduced IEC 61131-3, which unifies 
the programming languages of PLC’s from different manufacturers. The best lan-
guage for the purposes of the implementation of the ANN appears is Structured Text 
(ST), which is similar to the Pascal programming language. Of course there are dif-
ferences in them because this language was developed for PLC programming. The 
program is written in free style, making it clearer and more readable. It is particularly 
useful for the expression of different data types, structures and complex mathematical 
calculations [10]. Most PLC’s do not support matrix operations or dynamic allocation 
of one-dimensional or multidimensional vectors, therefore, the implementation phase 
of the ANN learning and processing can be difficult. Variables must be pre-allocated, 
i.e. in the case of smaller ANN structures consumes unnecessarily PLC memory. Ma-
trix operations can be programmed accordingly, but in this case they are not parallel 
operations, but sequential, decreasing the computing power of ANN [8]. That does 
not mean that affects the quality of modeling and control. Implementation of optimal 
ANN structures in the PLC is possible in two ways. The first way is to implement the 
general algorithm, which can dynamically adapt to new structures depending on given 
parameters. The second is the fixed structure of the ANN implemented in the PLC. 

3  Artificial Neural Network Model 

Perceptron is the most used ANN. The main reason is its ability to model as simple as 
well as very complex functional relations. Kolmogorov's theorem says that the per-
ceptron ANN with one hidden layer and a sufficient number of neurons in this layer 
can approximate any nonlinear function. In Fig. 1 shows an example of the structure 
of three-layer perceptron. 

 

Fig. 1. An example of multilayer perceptron structure 



 An Effective Application of Soft Computing Methods for Hydraulic Process Control 381 

The input and output neurons are linear activation functions (AF) but in some cas-
es, in the output layer(s) can be used non-linear activation functions. Most often used 
activation functions in the hidden layer(s) are nonlinear (sigmoidal). Sigmoidal func-
tion is defined as a monotonically increasing, smooth and bounded function. Sigmoid 
activation functions allow obtaining high neuron sensitivity for small signals, for 
higher signal level the sensitivity decreases. Neural network is able to process signals 
in a sufficient range of dynamics without threatening to overload with too large com-
ing signals. In addition to these activation functions provide nonlinear behavior of 
ANN and are several times differentiable, therefore they can be used for several tech-
niques for ANN training and predictive control [2], [3], [5]. 

4  Artificial Neural Network Structure Optimization 

Selection of optimal artificial neural network structure includes the determination of 
number of hidden layers, number of neurons in each layer, number of links between 
neurons, etc. which can be in general defined as the vastness of the network. ANN 
structure optimization methods can be divided into the following groups: construction 
algorithms, destruction algorithms, empiric methods, combined methods, genetic 
algorithms, etc. Optimal ANN usually contains fewer neurons and connections allow-
ing their usage in real-time applications [7], [9]. Genetic algorithm is a universal sto-
chastic search approach inspired by both natural selection and natural genetics which 
is able to approximate the optimal solution within bounded solution space. The me-
thod is capable being applied to a wide range of problems including ANN structure 
optimization. Basic objects in the GA are chromosome, gene, population, generation 
and fitness function [4]. 

Currently there are various methods for neural network structure encoding. One of 
the most used and simple method is encode NN structure with direct encoding. For 
the direct encoding of the connections between neurons binary 1 (true) and 0 (false) 
are used. If neurons are interconnected, the connection is assigned with value 1. If the 
neurons aren’t interconnected, the connection is assigned with value 0. For all such 
links we can define the size of the NxN matrix that defines connections between all 
neurons. Each line defines the link neurons to neurons in a given row. From such a 
matrix is then created a chromosome for the GA. This encoding enables to optimize 
all interconnections between neurons. 

Finding the optimal structures of ANN for modeling and control of nonlinear 
processes using GA is time consuming, especially for large ranges in chromosome 
genes. In addition, the GA has to evaluate the fitness function and decode the struc-
ture of ANN as well as check the correctness and optimality of newly established 
structures. Based on the fact that a three-layer ANN is sufficient for nonlinear process 
modeling is proposed the following ANN with AF encoding [7]: 

 
1. gene:  Number of input neurons for the control signal in history 
2. gene:  Number of input neurons for the measured signal in history 
3. gene:  Number of hidden neurons 
4. gene:  AF type  
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The sum of the number of input neurons for history of control and measured values 
defines the total number of input neurons. Number of output neurons is given by the 
process type and isn’t encoded in the chromosome. All genes are encoded with integ-
er number (also for AF type). During decoding the structure of ANN is the activation 
function of each number assigned to its name from the list of defined activation func-
tions. Table 1 gives several examples of representation of the gene for AF types. 
Chromosome above defines the NNARX (neural network auto-regressive model with 
external input) structure (Fig. 1). 

Table 1. AF type encoding 

Gene: AF type 

Num. value AF type 

1 tansig 

2 logsig 

3 modified tansig 

5  Predictive Control Using ANN 

Predictive control methods currently represent a large group of modern control me-
thods with an increasing number of applications. Under the notion of predictive con-
trol we understood a class of control methods where the mathematical model is used 
to predict the future output of the controlled system. Determination of the future con-
trol sequence involves minimizing a suitable criteria function with predicted incre-
ment of control and deviation. One of the advantages of predictive control is the pos-
sibility to use any process model [6]. In this article an ANN perceptron is used as 
process model.  

Standard criteria function includes square of the deviation and control increment: 
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2

1
1

2

1 +−++−−= kykrkukuJ Mr α  (1) 

where ym is the output of the ANN. 
The optimization block calculates the control signal so that the predicted output of 

the ANN matches the process output [4]. This is an iteration process which has the 
form: 
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6  Case Study 

For the verification and testing of proposed algorithm for modeling and control we 
consider real hydraulic system. The block diagram of the hydraulic system is depicted 
in Fig. 3. 

 

Fig. 2. Block diagram of the hydraulic system 

Short description of used components is listed below. 
 

CompactLogix (1769-L32E) - Programmable logic controller from Allen-Bradley is 
used to control the hydraulic system's level. The level is measured with pressure 
transmitter connected to analog input module (using unified 4-20mA signal). The 
control signal from analog output module is connected via 4-20mA to the inverter 
sending 0-100% (0-50Hz) signal. 

 

PowerFlex 40 - Inverter from Allen-Bradley is designed for drives with power output 
from 0.4 kW to 11kW. It is connected to pump which pumps water from buffer si-
tuated under the tank to the upper part of the tank.  

 

ST 3000 S900 - A smart pressure transmitter from Honeywell is used to measure the 
water level in tank with free drainage. 

 

Calpeda NM 2/AE 400V 0.75kW - Monoblock centrifugal pump from the Calpeda 
company 

 
Measurement of input-output data for identification of the real system can be imple-
mented in two ways. The first way is to backup data using visualization (RSView32 
or RSView Studio), but this method does not guarantee accurate sampling period - 
loading data from the PLC. The second way is to backup data directly in the PLC and 
their export using the Tag Upload Download after measurement. In our case we used 
a second approach for data collection to identify and record values during the process 
control. Measured data (level - depending on the pressure sensing and control varia-
ble) are shown in Fig. 4 and Fig. 5. 
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Fig. 3. Time response of the control variable 

 

Fig. 4. Time response of controlled variable (level) 
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The setup of the GA was the following: 

- 1. Gene value interval <1,6> 
- 2. Gene value interval <1,6> 
- 3. Gene value interval <1,30> 
- 4. Gene value interval <1,3> 
- Number of generations: 100 (used as stop criteria) 
- Number chromosomes in population: 15 

The criterion function (fitness) was calculated by the value of the square sum of devi-
ations between ANN output and the process output. 

For each ANN training new weights were generated. The found optimal neural 
network structure for modeling of real physical system was 4-6-1 with tansig AF. 
Inputs to the ANN were values u(k), u(k-1), y(k), y(k-1) and the output value was the 
predicted tank level y(k+1).  Structure of an ANN was created in Matlab and trained 
with back-propagation learning method with over-learning testing. Comparison of 
time responses of the real plant level and ANN output is shown in Fig. 7. 

Structure of the ANN control algorithm for real time control was implemented in 
RSLogix5000 for CompactLogix PLC. Weights and biases of ANN have been ex-
ported from Matlab to RSLogix5000. The chosen control algorithm was gradient-
descent. The results for different parameters (affecting different control quality) are 
shown in the following figures (for sampling time 100ms). 

 

Fig. 5. Comparison of time responses 
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Fig. 6. Time responses of the controlled hydraulic system for different prediction horizons 15, 
20, 25, 30 and 35 (α=0.01) 

 

Fig. 7. Time responses of the control variable for different prediction horizons 15, 20, 25, 30 
and 35 (α=0.01) 
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Fig. 8. Comparison of time responses of the controlled hydraulic system for different β  and 
constant prediction horizon 35 and α=0.1 

7  Conclusion 

Intelligent control belongs to the class of control techniques like artificial neural net-
works, fuzzy logic, evolutionary algorithms, etc. The performance of the proposed 
methodology was verified on several simulation examples. In the proposed paper was 
presented a practical application using optimized artificial neural network structure to 
identify and control the hydraulic system. Using these proposed methods we achieved 
better approximation results and faster response. The advantages of the proposed 
approach are minimal (optimal) neural network structure and faster signal processing 
therefore it’s suitable for real-time control in industry control systems. 

Acknowledgement. This paper was supported by the Slovak Scientific Grant Agency 
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Czech Technical University, Technicka 2, 166 27 Prague 6, Czech Republic
macas.martin@fel.cvut.cz

Abstract. The paper presents an application of Simplified Social Impact The-
ory based Optimization on feature subset selection for automated neonatal sleep
EEG recognition. The target classifier is 3-Nearest Neighbor classifier. We also
propose a novel initialization of iterative population based optimization heuris-
tics, which is suitable for feature subset selection, because it reduces the com-
putational complexity of whole feature selection process and can help to prevent
overfitting problems. Our methods leads to a significant reduction of the original
dimensionality while simultaneously reduce the classification error.

1 Introduction

During the last century, many of natural social phenomena were modeled by ethologists,
social psychologist, economists and others. Examples are agent-based models of ant be-
havior, models of swarming, or models of opinion formation. In last two decades, these
models of natural optimization processes are modified and ”forced” to solve mathemat-
ical optimization problems. Thus, methods like Ant Colony Optimization or Particle
Swarm Optimization (PSO) [1] are being invented and still more and more intensively
applied to real-world problems. This paper presents an application of Simplified Social
Impact Theory based Optimization (SSITO) [2] inspired by opinion formation models
on Neonatal Sleep EEG Recognition.

In this study we focus primarily on differentiating between two important neonatal
sleep stages: quite sleep and active sleep. In clinical practice, the proportion of these
states is a significant indicator for the maturity of the newborn brain [3]. Manual eval-
uation of EEG is a very tedious operation, and an electroencephalographer can easily
make a mistake. Therefore, the classification process is being automatized in terms of
feature based pattern classification. In most cases of automatic neonatal EEG classi-
fication, large amounts of EEG data must be processed. It is also complicated by the
fact that various additional channels must also be processed. It is therefore necessary to
compress the calculated features using a sophisticated technique. In this paper, we deal
with the reducing of number of appropriate features used for the automatic classification
of neonatal EEG in terms of selection of a proper subset of features.

2 Neonatal Sleep EEG Recognition

The data used in this study was provided by the Institute for Care of Mother and Child
in Prague. We have 11 full-term healthy newborn records (37 - 40 weeks gestation;

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 389–398.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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5 minutes of quiet sleep and 5 minutes of active sleep for each record; no artifacts;
clearly defined sleep states). All data was recorded from eight referential derivations,
positioned under the 10-20 system, namely FP1, FP2, T3, T4, C3, C4, O1, and O2. The
sampling frequency was 128 Hz. The reference derivation (R) used linked ear electrodes.
In addition, the following polysomnographic signals were used: EOG, EMG, ECG, and
PNG. All channels were measured against ground. The EOG signal was recorded from
two electrodes placed slightly above and to the outside of the right eye and below and
to the outside of the left eye. Two EMG electrodes were placed on the chin and at the
left corner of the mouth. ECG was recorded using two electrodes, one placed over the
sternum and the other in the medial axillary line. The respiratory effort was measured
using a tensometer placed on the abdomen. Examples of signals in quiet and active sleep
are shown in Figure 1. To eliminate power-line noise, we used a notch filter. This rejects
a narrow frequency band and leaves the rest of the spectrum almost undistorted.
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Fig. 1. Example of neonatal PSG recording; a) quiet sleep, b) active sleep. Signals: FP1, FP2, C3,
C4, O1, O2, T3, T4, EOG, EMG, ECG, and PNG.

For the subsequent processing methods it is necessary to divide the signals into al-
most stationary segments. In this study we use constant segmentation into 1 second
segments. All features listed below were calculated from these segments. Some of these
(auto-correlation, cross-correlation and coherence features) were calculated from slid-
ing window (length 20s, shift 1s) and were then used in such a way as to match the
1s segments. In this way it was obtained a total of 2087 features that were used for
neonatal data classification. The following list summarizes the used feature extraction
techniques and give their brief description.

• Statistical description. EEG signal can be characterized by the distribution of am-
plitude and its moments [4].

• Interval and period analysis. The intervals between zero and other level crossings,
or intervals between maxima and minima were measured and moments of their
distribution were used as features [5].
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• Application of derivatives. Statistical features are extracted also for the first and the
second derivative of EEG signals.

• Hjorth parameters. The Hjorth parameters are simple measures of signal complex-
ity. These measures have been used in the analysis EEG and they are clinically
useful tools for the quantitative description of an EEG [4].

• Power spectral analysis. We compute the mean value of absolute and relative power
spectra over the common frequency bands (delta, theta, alpha, beta) [4].

• Entropy-based features. Entropy is thought to be a measure of EEG signal com-
plexity and so it is potentially useful feature for our purposes [4].

• Nonlinear energy operator. Another features were based on the nonlinear energy
operator [4].

• Auto-correlation and cross-correlation. Cross-correlation is a measure of similarity
of two signals and auto-correlation is the cross-correlation of a signal with itself
[6]. We compute the maximum positive amplitude and mean value from auto- and
cross-correlation function (for selected polygraphic signals).

• Coherence analysis. The inter- and intra-hemispheric coherence are also calculated
from the EEG signal [6].

In addition, we have also used the information extracted from the other polysomno-
graphic channels (heart rate variability from ECG signal, regularity of respiration from
PNG signal, presence of eye movements from EOG signal and body movements from
EMG signal, see [7] for more details).

To make the number of input features suitable for wrapper methods, we first pre-
select the features by evaluating features individually using inter-intra class distance
filter criterion [8] and taking only 500 best features. Thus, there is 4400 data instances
of dimension 500 obtained from 11 subjects (400 instances from each).

3 Feature Selection

A feature selection process usually consists of two main components - a evaluation cri-
terion, which evaluates potential feature subsets, and a search method, which seeks for
a minimum of the criterion. Here, we use the wrapper approach to feature selection, i.e.
use performance of the target classifier as evaluation criterion. The criterion is mini-
mized using the SSITO method. Both components are described in the next sections.

The classification is performed using 3-Nearest Neighbor classifier (3NN). It sim-
ply finds 3 training data instances that are most similar to the testing instance and as-
signs the instance into the most common class amongst the 3 nearest neighbors. We use
the Euclidean distance for similarity quantification, because it was observed to lead to
good classification accuracies while keeping reasonable computational requirements.
The nearest neighbor classifiers are still widely used in pattern classification, because
of its simplicity, high performance (especially, but not only in large sample limit, and
robustness to noisy learning data [9]. Many more sophisticated classifiers need much
more time for training and testing and the wrapper approach is not suitable for them be-
cause of computational complexity reasons. Moreover, in our preliminary experiments
with full feature set, 3NN outperformed quadratic Bayes classifier (assuming normally
distributed classes with different covariance matrices) and CART decision tree.
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Our particular feature selection criterion is the 2-fold cross-validation estimate of
3NN’s error, because it was observed in some preliminary experiments with different
datasets [10] to perform better than 10-fold setting or leave-one-out technique. This
corresponds to some other studies, e.g. [11]. In 2-fold cross-validation, the data set is
partitioned into 2 disjunctive folds of similar size. For each of two iterations, one fold
is used for testing and remaining fold is used for training. The 2-fold cross-validation
error estimate is the testing error averaged over the two folds.

Let D be the number of features and A ⊆ {1, . . . ,D} be a subset of feature indices,
which represents a feature subset. The optimization techniques assume the following
encoding of a feature subset A : s = {0,1}D, where ath component sa = 1 means that
the feature with index a is selected (i.e. a ∈ A ) and sa = 0 means that the feature with
index a is removed (i.e. a /∈ A ).

Thus, the feature selection is defined here as a minimization of the cost function f (s)
defined as 2-fold cross-validation error estimate of 3-Nearest Neighbor classifier trained
with features represented by s. The optimization method used for the minimization is
described below.

The approach described here tries to take a model from social psychology, adapt it,
and use it in the area of parameter optimization. It is an attempt to use simulated peo-
ple to make a decisions about solutions of an optimization problem. The simulation is
based on simple opinion formation models widely used in computational psychology
and commonly analyzed by tools of statistical physics. We present application of rela-
tively novel population-based optimization methods, in which the candidate solutions
influence each other and try to converge into a ”good” consensus. The method called
Simplified Social Impact Theory based Optimizer (SSITO) is applied here to the feature
subset selection problem known from pattern recognition.

Many opinion formation models combine the social information using the notion
of social impact function that numerically characterizes the total influence of social
neighborhood of a particular individual. We use the analogy with the Nowak-Szamrej-
Latané models [12]. Let {s1(t), . . . ,sL(t)} be a set of L candidate solutions of the feature
selection problem at iteration t. Here, the population size L is 25 individuals. Each
candidate solution is influenced by its social neighborhood. Here, the neighborhood
simply consists of 5 randomly selected individuals. The neighbors with higher strength
value have higher influence on the impact value. The strength can be associated with
pair of individuals. One possible choice is – the social strength q ji by which a candidate
solution j affects candidate solution i depends on their cost values according to the
following formula:

q ji(t) = max[ f (si(t))− f (s j(t)),0], (1)

where f (si(t)) and f (s j(t)) are the cost values of the candidate solutions i and j, respec-
tively. This equation means that fitter individual have a non-zero influence on less fitter
individual and is not influenced by it. Obviously, there is an infinite number of possible
cost–strength mappings. Some of them can lead to much better optimization abilities.

Considering component a of candidate solution si(t), the impact function depends on
the component a of candidate solutions from i’s neighborhood and on strength values
of these solutions. It characterizes the total impact on individual i. A positive impact
value leads to preference of ath component inversion. Contrary, the negative value have
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supportive character and leads to preference of keeping the component value. A partic-
ular form of the impact function will follow the opinion formation models described in
[12]. At each iteration and for each component a, the neighbors of i are divided into two
disjoint subsets, persuaders Pa

i (t) with opinion opposite to sa
i (t) and supporters S a

i (t)

with the same value of the opinion. The impact is defined as:

Ia
i (t) =

1
|Pa

i (t)|
∑

j∈Pa
i (t)

q ji(t)−
1

|S a
i (t)| ∑

j∈S a
i (t)

q ji(t). (2)

Moreover, we define ISi(t) = 0 if S a
i (t) = /0 and IPi(t) = 0 if Pa

i (t) = /0.
The update rule further uses the value of impact function to generate new state for

sa
i . The simplest deterministic update rule uses the analogy to [12] - individual changes

its opinion if the impact function takes a positive value:

sa
i (t+1) =

{
1− sa

i (t), if Ia
i > 0;

sa
i (t), otherwise.

(3)

The algorithm described above ignores the aspect of individual decision processes (e.g.
experience, memory, inferring mechanisms) and of many unknown processes. These
can be partly modeled by a random noise. Moreover, randomness is an essential part
of any optimization metaheuristic. Hence the random noise is added in our optimizers.
The simplest way to add the random element is to mutate all sa

i with probability of
spontaneous opinion inversion (mutation rate) κ << 1. This can keep the diversity and
avoid a premature convergence.

The pseudocode is in Algorithm 1. First, the initial population {si(0)}i=1...L is created
randomly and all cost and strength values are computed. At each iteration, vector si(t)

is transformed into a new vector si(t+1) using an update rule. It updates the a-th bit of
the vector si according to its value, the values of a-th bit of vectors positioned in i’s
neighborhood and according to their strength values. After the update of all si vectors,
new values of cost and strength can be computed and the next iteration is performed.

Algorithm 1. Pseudocode for SSITOmean algorithm
initialize all si(0)

while stop condition not met do
for all i do

evaluate si(t) by computing f (si(t))
end for
for all i, j do

compute strength values q ji(t) using equation 1
end for
for all i,a do

compute Ia
i (t) using equation 2

end for
for all i,a do

compute sa
i (t+1) using equation 3 and random mutation

end for
t:=t+1

end while
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The whole iterative process can lead to a search strategy that samples the binary space
using the set of candidate solutions Q. Here, the stopping condition is the reach of
a maximum number of cost evaluations or maximum number of iterations, but it can
be any other criterion known from the area of population based metaheuristics (cost
increase, diversity degradation, etc.)

4 Results

The main purpose of our feature selection technique is to find a feature subset, that
minimizes classification error of the classifier. To estimate the true benefits of the feature
selection, we use an outer-loop estimate for testing. We divided the dataset into 11 folds
according to the membership of instances to particular subjects (neonates). Further, we
used the cross-validation algorithm on these folds. This special type of cross-validation
is a fair approach that reduces a positive bias caused by ignoring of an inter-personal
variability.

To show a competitiveness of our approach, we perform the same feature selection
using Binary Particle Swarm Optimization algorithm (BPSO) [1], which is also based
on social-psychological metaphor and is often applied to feature selection. We used the
following settings: inertia weight ω = 1, weights of individual and social knowledge
ϕ1 = ϕ2 = 2, maximum velocity vmax = 5, and the ring topology with neighborhood
radius 2.

Moreover, we implemented two modifications. The first is a so-called reduced ini-
tialization and the second is the modification of the criterion called combined criterion.
In the original SSITO algorithm (and in most population based methods), the initial
population is created randomly, i.e. each bit is set to 1 with probability 0.5. In average,
each candidate solution corresponds to D/2 selected features. This can be a disadvan-
tage if the optimal solution contains a small number of features. Furthermore, it makes
the search more computationally complex. Therefore, we reduce the number of features
to a minimum. The main requirement is that there must be exactly one occurrence of
each feature in the initial population (exactly one candidate solution contains the fea-
ture). Thus, in average each candidate solution corresponds to D/L selected features.
This can significantly reduce the temporal complexity of cost evaluation (error estima-
tion). The reduced initialization thus means that the candidate solutions are initialized
randomly under the condition described above.

The second modification is referred here as the combined criterion. It is not novel,
many papers use this approach. It simply combines the error estimate with the number
of features, which leads to a more intensive dimensionality reduction. We use a simple
linear combination. Let e(s(t)) be the error estimate. Instead of using f (s(t)) = e(s(t)),
the combined criterion uses f (s(t)) = e(s(t))+αd/D, where α parameter weights the
relative importance of the dimensionality reduction and its optimal value depends on the
depends on the classifier and on the data set. In our experiment we show the behavior
of the selection for α = 1.

A comparison for our approaches is depicted on Fig. 2, 3 and 4, where the temporal
evolution of three variables averaged over 11 cross-validation runs is depicted. The vari-
ables are measured for the best-so-far solution corresponding to the minimum cost value
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Fig. 2. The criterion value of the best-so-far solution. The combined criterion is not included in
the graph, because its values is not comparable to the values of other criteria.
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Fig. 4. The number of features in the subset represented by the best-so-far solution

found so far. The average best-so-far cost value is depicted in Fig. 2. The curve for the
combined criterion is omitted, because it takes different and incomparable values. One
can observe that the SSITO algorithm with normal random initialization outperforms
the BPSO method. The reduced initialization, although leads to much worse initial cost
values, enables the algorithm to find fitter feature subsets after a small number of iter-
ations. However, the fBSF measure evaluates only the optimization capabilities of the
algorithm that are not so important in our application. A much more important measure
is the testing error of the best-so-far solution, which is usually higher than the estimated
error value used to guide the search mechanism.

This phenomenon can be seen in Fig. 3. The difference between final cost values and
the final testing error values is approximately 2.5%. The testing error for full set of 500
features was 3.4%. It is transparent that all methods that reduce the error estimate also
lead to a reduction of the testing error. On the other hand, the use of combined criterion
with our setting of α does not lead to a reduction of the testing error. The benefit of
the combined criterion is shown in Fig. 4, where the output number of features dBSF in
the best-so-far solution is depicted. One can see that all the three instances of SSITO
method perform differently from the dimensionality reduction point of view. Although
the normal SSITO with normal initialization leads to only slightly smaller number of
features than the BPSO method and eliminates only 50% of features, the situation is
different for SSITO with reduced initialization and SSITO with combined criterion.
The reduced initialization leads to much smaller dimensionality of the best-so-far can-
didate solution (and also of all candidate solutions) and finally converges into a solution,
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which corresponds to less features, small cost value and the best testing error. Thus, the
SSITO with reduced initialization is the best from the error minimization point of view.
However, it is a frequent case, that physicians need to somehow interpret the results and
compare them with their current medical knowledge. For such a case, there is a strong
need for obtaining a very small number of features. For such a case, the combined
criterion can be very practical. As one can see in Fig. 4, the combined criterion reduced
the dimensionality from 500 features to 12 features, while it kept the testing error in
reasonable bounds. Obviously, the requirement for setting of α corresponds to a need
of some preliminary experiments, which can be a disadvantage of the approach.

5 Conclusions

In the paper, we describe an application of relatively novel soft computing method to
a biomedical signal processing problem. Particularly we show, how the socially in-
spired SSITO algorithm can be useful in wrapper–based feature subset selection. All
presented approaches significantly reduce the dimensionality and compared to the full
set of 500 features, all methods also lead to a reduction of the testing error of 3NN clas-
sifier in about 0−1%. The presented SSITO method is very simple and outperforms the
commonly used BPSO algorithm. We also propose a novel reduce initialization of the
SSITO methods which can be directly applied to any optimization metaheuristic. The
reduced initialization leads to a significant reduction of computational requirements and
helps to reduce problems related to overfitting and feature selection bias. For the case of
a need of a good interpretability of results, very small subset of features can be selected
using the combined criterion, which also considers the relative dimensionality of the
candidate feature subset.
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Abstract. Interpretation of satellite radar images is an important ongoing 
research field in monitoring river ice for both scientific and operational 
communities. This research focus on the development of optimal recognition 
strategies for the purpose of identifying different ice classes in SAR imagery. 
However acquisitions of SAR images produce certain problems. SAR images 
contain speckle noise which is based on multiplicative noise or rayleigh noise. 
Speckle noise is the result of two phenomenons, first phenomenon is the 
coherent summation of the backscattered signals and other is the random 
interference of electromagnetic signals. This therefore degrades the appearance 
and quality of the captured images. Ultimately it reduces the performance of 
important techniques of image processing such as detection, segmentation, 
enhancement and classification etc. This research contributes the major 
objectives towards speckle filtering using wavelet techniques optimized by Ant 
Colony Optimization (ACO). First is to remove noise in uniform regions. 
Second is to preserve and enhance edges and image features and third is to 
provide a good visual appearance. The work is carried out in three stages. First 
stage is to transform the noisy image to a new space (frequency domain). 
Second stage is the manipulation of coefficients. Third is to transform the 
resultant coefficients back to the original space (spatial domain).Results show 
that statistical wavelet shrinkage filters are good in speckle reduction but they 
also lose important feature details. Here the challenge is to find an appropriate 
threshold value, which is achieved using intra-scale dependency of the wavelet 
coefficients to estimate the signal variance only using the homogeneous local 
neighboring coefficients. Moreover, to determine the homogeneous local 
neighboring coefficients, the ACO technique is used to classify the wavelet 
coefficients. Experimentation is conducted on SAR images which are further 
used for development of optimal recognition system for ice classes. 

Keywords: ACO, Wavelet, SAR images, Denoising, Thresholding, Shrinkage 
methods. 
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1   Introduction 

Automation in river ice image classification is desired to assist ice experts in 
extracting geophysical information from the increasing volume of images. Rivers and 
streams are the key elements in the terrestrial re-distribution of water. An ice cover 
has significant impact on rivers such as modifies ecosystem, affects microclimate, 
causes flooding, restricts navigation and impacts hydropower generation. Multiple 
research work is carried independently in satellite images to develop algorithms in 
remote sensing for classification of ice as they cover large areas. Less research has 
been done in preprocessing segment that can improve the precision of the 
interpretation. This paper presents a research work based on image processing 
techniques on the ice patterns in synthetic aperture radar (SAR) imagery for speckle 
denoising. Neural networks are known for their ability to solve various complex 
problems in image processing [10]. A biological motivation and some of the 
theoretical concepts of ant colony optimization algorithms are the inspiration of the 
work done in this paper [11].Here, analysis is done on the performance of wavelet 
derived from the optimization technique (ACO) based on image enhancement 
methods. The main advantage of wavelet analysis is that it allows the use of long time 
intervals where more precise low frequency information is wanted, and shorter 
intervals where high frequency information is sought. Hence wavelet analysis is 
therefore capable of revealing aspects of data that other image analysis techniques 
miss, such as trends, breakdown points, and discontinuities in higher derivatives and 
self-similarity. Wavelets are also capable of compressing or de-noising a image 
without appreciable degradation of the original image. A comprehensive experiment 
is carried out here based on the evaluation parameters and quantifiable metrics.  This 
work evaluates the objective parameters and emphasizes the need of preprocessing 
using optimization technique (ACO) for texture based ice classification. This paper 
introduces a new approach, which incorporates the wavelet filter and ACO altogether, 
to achieve the goal of denoising and preserving the edges. The paper is structured as: 
Section 2 deals with the image enhancement framework. Section 3 comprises the 
SAR image denoising using Wavelet. Section 4 5 explains about denoising using 
wavelet shrinkage methods  and states the need of optimization for threshold value in 
wavelet shrinkage and Section 6 the experimental results of the proposed optimization 
technique for wavelet denoising.  The paper ends with section 7 with remarks on 
possible future work in this area and some conclusions. 

2   Image Enhancement Framework  

This is the first and lowest level operation to be done on images. The input and the 
output are both intensity images. The main idea with the preprocessing is to suppress    
information in the image that is not relevant for its purpose or the following analysis 
of the image. The pre-processing techniques use the fact that neighboring pixels have 
essentially the same brightness. There are many different pre-processing methods 
developed for different purposes. Interesting areas of pre-processing for this work is 
image filtering for noise suppression. Conservative methods based on wavelet 
transforms have been emerged for removing speckle noise from images. This local 
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preprocessing speckle reduction technique is necessary prior to the processing of SAR 
images. Here we identify wavelet Shrinkage or thresholding as denoising method. It is 
well known that increasing the redundancy of wavelet transforms can significantly 
improve the denoising performances. Thus a thresholding is been obtained by 
optimization technique called ant colony optimization (ACO). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Fig. 1. Framework for Denoising SAR image for ice classification 

3   SAR Image Denoising Using Wavelet 

The two main confines in image accuracy are categorized as blur and noise. Blur is 
intrinsic to image acquisition systems, as digital images have a finite number of 
samples and must respect the sampling conditions. The second main image 
perturbation is noise. Image denoising is used to remove the additive noise while 
retaining as much as possible the important signal features. Currently a reasonable 
amount of research is done on wavelet thresholding and threshold selection for signal 
de-noising, because wavelet provides an appropriate basis for separating noisy signal 
from the image signal. Two shrinkage methods are used over here to calculate new 
pixel values in a local neighborhood. Shrinkage is a well known and appealing 
denoising technique. The use of shrinkage is known to be optimal for Gaussian white 
noise, provided that the sparsity on the signal’s representation is enforced using a 
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unitary transform. The main advantage of wavelet analysis is that it allows the use of 
long time intervals where more precise low frequency information is wanted, and 
shorter intervals where high frequency information is sought. Wavelet analysis is 
therefore capable of revealing aspects of data that other image analysis techniques 
miss, such as trends, breakdown points, and discontinuities in higher derivatives and 
self-similarity. Wavelets are also capable of compressing or de-noising a image 
without appreciable degradation of the original image. On the experiment evaluation 
Daubechies wavelet family of orthogonal wavelets is concluded as the appropriate 
family for shrinkage method as it is defined as a discrete wavelet transform and 
characterized by a maximal number of vanishing moments for some given support.     

           

 

Fig. 2. Daubechies wavelet based on level 2 decomposition 

4   Denoising Using Wavelet Shrinkage  

Here image denoising is based on the image-domain minimization of an estimate of 
the mean squared error-Stein's unbiased risk estimate (SURE) is proposed and 
equation (1) specifies the same. Surelet the method directly parameterizes the 
denoising process as a sum of elementary nonlinear processes with unknown weights. 
Unlike most existing denoising algorithms, using the SURE makes it needless to 
hypothesize a statistical model for the noiseless image. A key of it is, although the 
(nonlinear) processing is performed in a transformed domain-typically, an 
undecimated discrete wavelet transform, but we also address nonorthonormal 
transforms-this minimization is performed in the image domain. 
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where d is the number of elements in the noisy data vector and xi are the wavelet 
coefficients. This procedure is smoothness-adaptive, meaning that it is suitable for 
denoising a wide range of functions from those that have many jumps to those that are 
essentially smooth. It have high characteristics as it out performs Neigh shrink 
method. Comparison is done over these two methods to prove the elevated need of 
Surelet shrinkage for the denoising the SAR images. The experimental results are 
projected in graph format which shows that the Surelet shrinkage minimizes the 
objective function the fastest, while being as cheap as neighshrink method. Measuring 
the amount of noise equation (2) is done by its standard deviation , , one can define 
the signal to noise ratio (SNR) as 
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And   is the average grey level value. The standard deviation of the noise can also be 
obtained as an empirical measurement or formally computed when the noise model 
and parameters are known.  

5   Ant Colony Optimization for Wavelet Based Denoising 

ACO is a nature-inspired optimization algorithm motivated by the natural collective 
behavior of real-world ant colonies. The key challenge of wavelet shrinkage is to find 
an appropriate threshold value, which is typically controlled by the signal variance. 
Ant colony optimization (ACO) technique is used to classify the wavelet coefficients. 
It exploits the intra-scale dependency of the wavelet coefficients to estimate the signal 
variance only using the homogeneous local neighboring coefficients. 

The proposed AntShrink approach has two stages: 

 (i)  develop the ACO technique to classify the wavelet coefficients 
 (ii)  shrink the noisy wavelet coefficient according to a locally-adapted signal 

variance value. 
 

The proposed approach is summarized as follows. 

• Perform a 2-D discrete wavelet decomposition on a noisy image 
              to get the noisy wavelet coefficients. 

• Perform the ACO-based classification. 
• Estimate the signal variance. 
• Compute the MMSE estimation. 
• Perform the inverse wavelet transform to obtain the denoised image. 

 

The figure 3 shows the visual quality of the image after applying aco based wavelet 
denoising method. 
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Fig. 3. Denoised image using ACO based on Db2 Wavelet Family 

6   Experimental Results 

Interesting areas of pre-processing for this work is image filtering for noise 
suppression. This local preprocessing speckle reduction technique is necessary prior 
to the processing of SAR images.  

 

Fig. 4. Peak to Signal noise ratio for wavelet methods 

Here we identify wavelet Shrinkage or thresholding as denoising method It is well 
known that increasing the redundancy of wavelet transforms can significantly 
improve the denoising performances. Thus a thresholding process which passes the 
coarsest approximation sub-band and attenuates the rest of the sub-bands should 
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decrease the amount of residual noise in the overall signal after the denoising process 
.Figure 4,5 shows the evaluation of wavelet families to find the best and Daubechies 
wavelet is been concluded for wavelet shrinkage denoising.  

 

Fig. 5. Mean Square Error rate for wavelet methods 

Figure 6, 7 represents the objective evaluation of the shrinkage methods and finally 
surelet shrinkage is been concluded as the optimal method for denoising. 

     

Fig. 6. PSNR values for shrinkage method based on DB Wavelet family 

 

Fig. 7. MSE values for shrinkage method based on DB Wavelet family 
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As finally, comparison is been made between shrinkage and aco based shrinkage 
method for denoising SAR image.  

 

Fig. 8. Comparison of PSNR values for ACO shrinkage based on DB Wavelet family 

7   Conclusion  

Here an attempt is made to find a superior methodology for denoising than the 
conventional fixed-form neighborhoods .This methodology also determine optimal 
results by using finest threshold instead of using the suboptimal universal threshold in 
all bands. It exhibits an excellent performance for further ice detection phase and the 
experimental result also signifies the same by producing both higher PSNRs and 
enhanced visual eminence than the former and conventional methods. In future, 
research will be carried out to reduce the computational load of the proposed image 
classification algorithm and shorten the execution time of the projected approach. 
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Abstract. Powder diffraction (based typically on X-ray usage) is a well-
established method for a complete analysis and structure determination
of crystalline materials. One of the key parts of the experimental data
processing is the process of indexation - determination of lattice parame-
ters. The lattice parameters are essential information required for phase
identification as well as for eventual phase structure solution.

Nowadays computer hardware with efficient implementation of index-
ation algorithms gives a chance to to solve several problematic situations
not covered fully by existing methods. This paper deals with design of
algorithm for indexing powder diffraction data suitable for massively
parallel platforms such as GPUs.

Keywords: powder diffraction, indexing, McMaille, parallel simulating
annealing, GPGPU.

1 Introduction

Powder diffraction is a common method in many areas of solid state sciences.
Indexation of a hi-resolution powder diffraction records is a relatively well-solved
problem. There exist several algorithms based on trial-and-error methods or di-
chotomy methods[1]. Most of these algorithm were developed 20 years ago when
really fast CPUs did not exist, a processor architecture was completely different
and parallel platforms were not common. So these methods are more targeted
on the speed of execution than on the robustness and completeness of the solu-
tion space search. The whole powder indexation process can be complicated by
several additional problems, not fully covered by the standard approaches.

1.1 Indexing

The lattice parameters (unit-cell dimensions, see Fig. 1) (a, b, c, α, β, γ) define
the parameter space of the problem, and the aim of the indexing process is to
find the correct values of these lattice parameters (or a subset of them depending
on the crystal system) for a given experimental powder diffraction pattern.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 409–416.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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Input Data. Powder diffraction data contain N (typically, N ≤ 30) observed
angles θi for the given wavelength λ. These data are converted using formula
Q = (2 sin θ/λ)2 into Qm values (the m denotes measured values of Q). These
values are used for testing if the proposed crystal model corresponds to measured
data.

Unit Cell Model. The theoretical values of parameters Q can be obtained by
the following physical model:

Q = a11h
2 + a22k

2 + a33l
2 + a12h · k + a23k · l + a13h · l (1)

where the aij parameters are the reciprocal lattice parameters. We will denote
these (theoretical) values of Q by Qt to distinguish between these theoretical
values from model and measured values. Reciprocal lattice parameters aij can
be derived from the real lattice parameters using formulas for the given crystal
system, for example for monoclinic case:

a11 =
1

a2 sin2 β
a22 =

1

b2
a33 =

1

c2 sin2 β
a13 =

2 cosβ

ac sin2 β
(2)

Depending on crystal system some values aij are zero. For example in the cubic
system, expressions (1) and (1) can be simplified to: Qt = (h2 + k2 + l2)/a2.

Problem Statement. The aij parameters are unknown values (real numbers).
The parameters h, k, l (integer numbers) are also unknown and must be deter-
mined. So, for every Qm

i an unknown hkl triplet and a set of s parameters aij
must be estimated.

For N observed data, one needs to determine 3 · N integers and s (s ≤ 6)
real numbers. From diffraction theory, h, k and l are small integer numbers, but
process of indexation remains very complex.

Moreover, all observed values of Qm suffer from experimental errors, so in real
applications possible solutions must satisfy the 2 ·N inequalities with form:

|Qm
i − Qt

j| < D,

where D is the maximal tolerance.
The main sources of error of values of Qm are:

– inaccurate positions of the diffraction lines,
– overlap of the diffraction lines,
– inclusion of peaks due to impurity phases,
– significant zero offset.

1.2 Related Works

There had already been effort to implement new approach to the indexation pro-
cess in software. We should mention the McMaille software[2], X-Cell software[3],
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N-TREOR9[4], and genetic approach [5]. McMaille software utilizes simulating
annealing based solution space search or even exhaustive grid search. X-Cell soft-
ware use dichotomy methods. X-Cell solves in a sophisticated way the impurity
phase problem and it utilizes space-group reflection extinction. The N-TREOR9
software is based on the trial and error approach. More advanced soft computing
methods[6,7] are not common in indexation process.

a

b
α

γ

c

β

Fig. 1. The lattice parameters

1.3 GPU

The computing power of nowadays-graphic cards outperforms significantly the
computing power of CPUs (see [8]). The key motivation for GPU computation
is that the newest Intel six-core i7 CPU has got the peak performance about
160 GFlops in comparison to Nvidia graphic card Geforce GTX 590 that has
the peak performance about 2.5 TFlops, but prices for both components are
comparable!

The GPU acceleration of the computation was already implemented for sev-
eral scientific problems closed to the crystallographic one: molecular dynamic
simulations, QM calculations of molecular structure, protein structure analysis.
The exhaustive list of problems for which GPU calculation was already used
can be found on the following link[9]. The parallel implementation of GPU code
execution starts to be a usual way for acceleration the code execution. For GPU
implementation well determined standard APIs like CUDA[9] and OpenCL[10]
were established.

2 Current State-of-Art

So, we have decided to modify existing state-of-art algorithm McMaille that uses
the Monte Carlo method in order to generate randomly cell parameters tested
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against an idealized powder profile. Algorithm McMAILLE (see Alg.1) uses
these global parameters:

– it = the number of global iterations,
– threshold constant to distinguish between ”good” and ”not so good”

solution.

Algorithm 1. principle of original McMAILLE algorithm

1: procedure MCM
Output: the database of found solutions
2: for i ← 1, it do
3: cell ← GenerateRandomCell
4: cell ← MonteCarloMethod(cell)
5: r ← EvaluateError(cell)
6: if (r ≤ threshold) then
7: put cell into database

8: for i ← 1, sizeof(database) do
9: cell ← database[i]
10: least-squared refinement of cell
11: calculate figures of merit (M20, F20) for cell
12: update record database[i]

Algorithm MonteCarloMethod (see Alg.2) uses these global parameters:

– it2 = the number of MonteCarlo iterations,
– threshold2 constant to avoid false minima.

Algorithm 2. Monte Carlo method used in original McMAILLE algorithm

1: procedure MonteCarloMethod(cell)
Input: cell original lattice
Output: cell improved lattice
2: number ← 0
3: r ← EvaluateError(cell)
4: for i ← 1, it do
5: c2 ← cell
6: change c2 a little bit
7: r2 ← EvaluateError(c2)
8: if (r2 ≤ r) or (RandomNumber ≤ threshold2) then
9: cell ← c2
10: r ← r2
11: return cell
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Algorithm EvaluateError (see Alg.3) uses these global parameters:

– D = the maximal tolerance of Q values,
– n hkl = the number of hkl triples taken in account,
– N = the number of observed peaks (size of input dataset),

Algorithm 3. Estimation of error of crystal model (original version)

1: procedure EvaluateError
Output: error of the lattice cell
2: n q ← 0
3: for i ← 1, n hkl do
4: compute Q temp from triplet hkl[i]
5: if (Q temp ≥ Qm

0 ) & (Q temp ≤ Qm
N ) then

6: Qt
n q ← Q temp

7: n q ← n q + 1

8: sum error ← 0 � All Qt are found, let’s compute the error
9: for i ← 1, N do
10: min error ← ∞
11: for j ← 1, n q do
12: if indexed[j] 	= true then
13: cur error ← |Qm

i −Qt
j |

14: if cur error < min error then
15: min error ← cur error
16: index ← j

17: if min error < D then
18: sum error ← sum error +min error
19: indexed[index] = true

20: return sum error

3 Results

The most time-consuming part of McMaille algorithm is the procedure Evalua-
teError (Algorithm 3), so we concentrate on parallelization of this procedure.

3.1 GPU Architecture Limitations

For fully utilization of GPU architecture these basic conditions must be satisfy:

– The whole computation should be proceed by relatively independent parts
(blocks of GPU threads).

– Data transfers between CPU and GPU should be minimal.
– Only small number of registers (up to tens) and small amount of shared

memory (up to tens bytes) can be allocated by each GPU thread.

To satisfy these requirements we must modify Algorithms 1,2 and 3.
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3.2 Design of the New Algorithm

Description of new algorithms derived from previous ones follows:

– The Algorithm 4 uses only very few registers (in comparison to Algorithm
3), so it better reflect GPU limitation and can be proceed efficiently by
one CUDA thread. The Algorithm 4 is not semantically equivalent with
Algorithm 3, but our measurements prove that is precise enough for rough
estimation of error of proposed cell.

– The Algorithm 5 is GPU version of Algorithm 1 and 2. The fussion of these
algorithms was done to minimize the number of data transfers between CPU
and GPU. The codelines (4)-(11) in this algorithm can be proceed in parallel
by GPU.

Algorithm 4. Estimation of error of crystal model (our version)

1: procedure GPUEvaluateError
Output: error of the lattice cell
2: sum error ← 0
3: sum error2 ← 0
4: for i ← 1, n hkl do
5: compute Q temp from hkl[i]
6: if (Q temp ≥ Qm

0 ) & (Q temp ≤ Qm
N ) then

7: for j ← 1, N do
8: j2 ← N − j + 1
9: if indexed[j] 	= true then
10: cur error ← |Qm

j −Q temp|
11: if cur error < D then
12: sum error ← sum error + curr error
13: indexed[j] = true

14: if indexed2[j2] 	= true then
15: cur error2 ← |Qm

j2 −Q temp|
16: if cur error2 < D then
17: sum error2 ← sum error2 + curr error2
18: indexed2[j] = true

19: return min(sum error, sum error2)

3.3 HW and SW Configuration

Experimental Configuration 1. All results were measured on dual-core Intel
i3-370M at 2.4 GHz, 4 GB of the main memory at 1333 MHz, running OS Win-
dows 7 Home with graphic card Nvidia Geforce 420M (64 GPU cores), Microsoft
Visual Studio 2005, Nvidia SDK version 4.0.
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Algorithm 5. principle of GPU version of McMAILLE algorithm

1: procedure MCM
Output: the database of found solutions
2: for i ← 1, it do
3: db[i].cell ← GenerateRandomCell
4: db[i].r ← EvaluateError(cell)
5: for j ← 1, sd do
6: cell ← db[j].cell
7: c2 ← cell
8: change c2 a little bit
9: r2 ← EvaluateError(c2)
10: if (r2 ≤ r) or (RandomNumber ≤ threshold2) then
11: db[j].cell ← c2
12: db[j].r ← r2

13: for i ← 1, sd do
14: cell ← database[i]
15: least-squared refinement of cell
16: calculate figures of merit (M20, F20) for cell
17: update record database[i]

Experimental Configuration 2. All results were measured on quad-core Intel
i7 950 at 3.07GHz, 24 GB of the main memory at 1600 MHz, running OS Linux
Debian with graphic card GeForce GTX 590 (1024 GPU cores), Nvidia SDK
version 4.1.28.

Indexation Data Files. We have used the following data files:

– cim.dat (Cimetidine, N = 21, monoclinic crystal system, correct solution:

a = 10.3893Å, b = 18.8215Å, c = 6.8215Å, β = 106.477◦, V = 1279.113Å
3
),

– cim5.dat (N = 26, same as previous one with 5 added impurity lines),
– Taxol.dat (10-Deacetyl-7-epitaxol ethyl acetate solvate,N = 20, monoclinic

crystal system, correct solution: a = 16.329Å, b = 17.704Å, c = 17.504Å,

β = 100.611◦, V = 4973.6781Å
3
),

– Taxol5.dat (N = 25, same as previous one with 5 added impurity lines),

3.4 Evaluation of the Results

We have measured speedup between original version of McMaille algorithm (one
CPU core was used) and our new variant. If the computation is proceed by
CPU, the original code was comparable to the new one. If the computation is
proceed by GPU, the original code was much slower in comparison to the new
one. Achieved speedups are from 2 to 10 (for Testing configuration 1) or from 5
to 50 (for Testing configuration 2). Speedup varies due to these facts:

– CPU and GPU version of algorithms for the estimation of error of crystal
model (Algorithm 3 and 4) can return different results.
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– In original McMaille(CPU) version some parameters (like threshold and so
on) are changed during the computation, in our (GPU) version they remain
constant.

4 Conclusion

We have described basics of powder diffraction indexing process. We have pro-
posed some modifications of state-of-art McMaille algorithm for this problem.
Modified algorithm can fully utilize GPU computational power and achieves a
significant speedup of computation in comparison to the original algorithm.

Future Works. Proposed method (same as the former one) is relative insen-
sitive to impurity lines. We want to increase this property furthermore to allow
indexing multiphase patterns since indexing of a mixture is a big challenge of
applied crystallography.
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Abstract. In this paper a kernel for time-series data is presented. The
main idea of the kernel is that it is designed to recognize as similar time
series that may be slightly shifted with one another. Namely, it tries to
focus on the shape of the time-series and ignores the fact that the series
may not be perfectly aligned. The proposed kernel has been validated
on several datasets based on the UCR time-series repository [1]. A com-
parison with the well-known Dynamic Time Warping (DTW) distance
and Euclidean distance shows that the proposed kernel outperforms the
Euclidean distance and is competitive with respect to the DTW distance
while having a much lower computational cost.

1 Introduction

Time-series analysis is an important problem with application in domains as
diverse as engineering, medicine, astronomy or finance [2,3]. In particular, the
problem of time-series classification is attracting a lot of attention among re-
searchers [4]. Among the most successful and popular methods for classifica-
tion are kernel-based methods such as support vector machines. Despite their
popularity, there seem to be only a handful of kernels designed for time-series.
This paper tries to fill this void, and proposes a kernel exclusively designed for
time-series. Moreover, using a standard trick, we are able to convert our kernel
into a distance metric for time-series, therefore allowing us to use our kernel in
distance-based algorithms as well.

A crucial aspect when dealing with time-series is to find a good measure,
either a kernel similarity or a distance, that captures the essence of the time-
series according to the domain of application. For example, Euclidean distance
between time-series is commonly used due to its computational efficiency; how-
ever, it is very brittle and small shifts in of one time-series can result in huge
changes in the Euclidean distance. Therefore, more sophisticated distances have
been devised designed to be more robust to small fluctuations of the input time-
series. Notably, Dynamic Time Warping (DTW) is held as the state-of-the-art
method for comparing time-series. Unfortunately, computing the DTW distance
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is prohibitely costly for many practical applications. Therefore, researchers are
coming up with distances for time-series that approach the DTW at lower com-
putational costs [5,4,6]. In a sense, the kernel-derived distance that is proposed
here tries to fix the brittleness of Euclidean distance without incurring in the
high computational costs of DTW. At a high level, our proposed distance is
a combination of the Euclidean distances obtained by using several smoothed
versions or the original time-series.

Many other distances have been proposed depending on the invariants re-
quired by the domain. For example, [7] define a distance between two time-series
representing the convexities/concavities of two shape contours. In [8] the authors
modify the Euclidean distance with a correction factor based on the complexity
of the input time-series.

It is known that the DTW distance is not a distance in a strict sense as it does
not fulfill the triangular inequality and, therefore, it can not be used to define
a positive definite kernel. A more general theory of learning instead of positive
semi-definite kernels and the relationship between good kernels and similarity
functions is presented in [9]. In [10] a new kernel is defined by global alignments
from the DTW distance. In particular, the kernel is defined as the sum of the
exponential function of the distances for all possible alignments. However, this
kernel has a high computational cost and constraints on alignments, similar to
that of [5], are presented to speed-up the computation in [11]. The same authors
present in [12] a kernel based on the idea that similar time series should be fit
well by the same models. They use autoregressive models and thus the name
of autoregressive kernel. A kernel for periodic time-series arising in the field of
astronomy is presented in [13]. This kernel is similar to a global alignment kernel
as it consists in the sum of the exponential function of the inner products for
all possible shifting of a time series instead of computing the best alignment.
Another kernel for time-series is proposed in [14]. In particular, the time series
are represented with a summarizing smooth curve in a Hilbert space and the
learning method of the kernel is based on Gaussian processes.

The paper is structured as follows. Section 2 describes our time-series kernel
and its corresponding derived distance. Section 3 presents an empirical compar-
ison using 20 different datasets. Finally, Section 5 concludes with a summary of
our main contributions and possible directions of future work.

2 Kernel Description

This Section presents the notation used in this paper and also provides the
definitions underlying the proposed kernel.

Definition 1 (Time-series). A time-series X is a set of temporally sorted
real-valued data. In this work, X = {x1, ..., xN}, where N is the length of the
time-series.

Definition 2 (Subsequence time-series). A subsequence of length k of a
time-series X = {x1, ..., xN} is a time-series Xj = {xj , xj+1, ..., xj+k−1} for
1 ≤ j ≤ N − k + 1.
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Fig. 1. Example of two shifted time-series

Definition 3 ({k, j}–Order partial sum). A {k, j}–order partial sum of a
time-series X, sXk,j, is the sum of the values of the Xj subsequence time-series
of length k. That is:

sXk,j = xj + xj+1 + · · ·+ xj+k−1.

Definition 4 (k–Order partial sum time-series). A k–order partial sum
time-series is a time-series SX

k whose values are sXk,j for 1 ≤ j ≤ N −k+1, that
is, the sum of all the values of the subsequences of length k of the time-series X.

SX
k = {sXk,1, sXk,2, ..., sXk,N−k+1}.

For example, the {k, j}–order partial sums and the k–order partial sum time-
series for the X = {3, 2, 4, 1} time-series are:

sX2,1 = 3 + 2 = 5
sX2,2 = 2 + 4 = 6 SX

2 ={5,6,5}
sX2,3 = 4 + 1 = 5
sX3,1 = 3 + 2 + 4 = 9 SX

3 ={9,7}
sX3,2 = 2 + 4 + 1 = 7
sX4,1 = 3 + 2 + 4 + 1 = 10 SX

4 ={10}

2.1 Motivation

The main motivation in the definition of the kernel proposed here is to obtain
a similarity measure for time-series that yields high values when two time-series
X and Y have the same shape but may be shifted of one another. Notice that the
Euclidean distance does not take this into account as illustrated in Figure 1. It can
be observed that both time-series are very similar (the Y time-series is obtained by
shifting X). However, the Euclidean distance between the two time-series is very
high. As a consequence, bad results could be obtained were the Euclidean distance
to be used in distance-based classification algorithms, for instance. The purpose
of this work is to propose a kernel that yields high similarity for time-series that
have similar shapes.
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The kernel proposed here is obtained by adding the inner products of partial
sum time-series for all orders. It is not necessary to discover the best alignment
between two time-series, in contrast with the DTW distance, as all partial sums
will be included in the kernel definition.

2.2 Definition of the Kernel

Let X and Y be two time-series of length N . Let UX and UY be two upper
triangular matrices defined as:

UX = [UX
1 , ..., UX

N ]

UY = [UY
1 , ..., UY

N ]

where UX
i and UY

i are the i-th rows of the matrices UX and UY , respectively,
which are defined by:

UX
ij =

{
sXi,j if 1 ≤ j ≤ N − i+ 1
0 if j > N − i+ 1

(1)

UY
ij =

{
sYi,j if 1 ≤ j ≤ N − i+ 1
0 if j > N − i+ 1

(2)

Finally, the kernel is defined as the sum of the scalar products among the rows
of the UX and UY matrices. That is,

Kernel(X,Y ) =

N∑
i=1

< UX
i , UY

i > (3)

where UX and UY are defined by Equations (1) and (2) and < ·, · > is the
scalar product of two vectors in R

N . It is obvious that the function defined by
Equation (3) is indeed a kernel as it can be represented by a inner product in
the high–dimensional feature space φ(·) defined as follows:

Kernel(X,Y ) =< φ(X), φ(Y ) > (4)

where

φ : RN −→ R
N2

X −→ φ(X) = (UX
1 , ..., UX

N )

Next, we show an illustrative example for the time-series X = {3, 2, 4, 1} and
Y = {1,−1, 0, 2}. Firstly, the UX and UY matrices comprising the partial sums
of the X and Y time-series have to be computed. The 2-order partial sums for
X and Y are SX

2 = {5, 6, 5} and SY
2 = {0,−1, 2}, respectively. Analogously,

the 3 and 4 order partial sums are SX
3 = {9, 7}, SY

3 = {0, 1}, SX
4 = {10} and

SY
4 = {2}. Therefore, the matrices are:

UX =

⎡
⎢⎢⎣

3 2 4 1
5 6 5 0
9 7 0 0
10 0 0 0

⎤
⎥⎥⎦UY =

⎡
⎢⎢⎣
1 −1 0 2
0 −1 2 0
0 1 0 0
2 0 0 0

⎤
⎥⎥⎦
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The second step consists in calculating the scalar products of the rows of the
UX matrix and the corresponding rows of the UY matrix. That is,

< UX
1 , UY

1 > = 3 · 1 + 2 · (−1) + 4 · 0 + 1 · 2 = 3

< UX
2 , UY

2 > = 5 · 0 + 6 · (−1) + 5 · 2 = 4

< UX
3 , UY

3 > = 9 · 0 + 7 · 1 = 7

< UX
4 , UY

4 > = 10 · 2 = 20

where UX
i and UY

i are the i rows of the UX and UY matrices, respectively.
Finally, the kernel is defined as the sum of the above-mentioned scalar prod-

ucts. Therefore,

Kernel(X,Y ) = (3 + 4 + 7 + 20) = 34.

It should be noted that a distance metric can be obtained from any positive
definite kernel Ker using the standard transformation described in the following
equation [15]:

d(u, v) = Ker(u, u) +Ker(v, v) − 2 ·Ker(u, v).

Therefore, when this work refers to the proposed kernel as a distance it really
means the derived distance from the kernel.

3 Results

This section presents the results obtained by the application of the proposed ker-
nel to the classification of multi–class time series. Section 3.1 provides a detailed
description of all datasets used in the experiments. In Section 3.2 the kernel has
been applied to twenty time-series to validate its potential for separating classes
in time-series. Finally, a real-world dataset composed by ozone time series is
considered in Section 3.3.

3.1 Description of Datasets

The new kernel has been initially tested on several datasets from the UCR
time-series repository [1]. Time series lengths in our datasets range from 60
to 637, with the average and the median being 282.1 and 272.5, respectively.
Computation times are highly sensitive to the time-series length, especially for
the DTW algorithm, which is quadratic in this parameter. Relevant information
about these datasets is summarized in Table 1.
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Table 1. Datasets from UCR time-series Repository [1]

Dataset Num. Num. Length of Dataset Num. Num. Length of
Instances Classes Series Instances Classes Series

50Words 450 50 270 Lighting-2 20 2 637
Adiac 296 37 176 Lighting-7 63 7 319
Beef 45 5 470 OSU Leaf 54 6 427
CBF 21 3 128 OliveOil 40 4 570
Coffee 18 2 286 Swedish Leaf 105 15 128
ECG 14 2 96 Trace 36 4 275
Fish 63 7 463 Two Patterns 28 4 128
Face (All) 112 14 131 Synthetic Control 36 6 60
Face (Four) 36 4 350 Wafer 16 2 152
Gun-Point 16 2 150 Yoga 18 2 426

3.2 Validation

A statistic based on pair-wise distances has been developed to show how well
the proposed kernel is able to separate classes in time-series.

Let D be a labeled dataset of M time-series of the same length N . Let c(X)
be the class of the time-series X ∈ D. Then, the SM separation measure is
defined as follows,

SM =
INTRA− INTER

MAX

where INTRA and INTER are the average pair-wise distance of time series be-
longing to the same and to different classes, respectively, and MAX is the maxi-
mum pair-wise distance over the whole dataset. Namely, let A = {(X,Y )|X,Y ∈
D, c(X) = c(Y )} and B = {(X,Y )|X,Y ∈ D, c(X) �= c(Y )}. That is, A is the
set of pairs of time series that belong to the same class, and B is the set of pairs
of time-series that belong to different classes. Then,

INTRA =
1

|A|
∑

(X,Y )∈A

d(X,Y )

INTER =
1

|B|
∑

(X,Y )∈B

d(X,Y )

MAX = max
X,Y ∈D

d(X,Y )

where d is any distance defined in R
N x R

N and N is the length of the time-series
in D.

In a sense, the SM measure is designed to show how well the proposed distance
separates instances in different classes as opposed to instances within the same
class. Since we are taking averages, it is a measure of the global separability
ability of the distance. This distance is reminiscent to the cost function used in
the problem of correlation clustering in weighted graphs [16,17], if we were to
cluster all instances using their class.
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Table 2 presents a comparison of the separation statistic and computation
time of the following distances: the Euclidean distance, the one derived from
the kernel proposed here (which we call Kernel-based distance), and the DTW
distance. The comparison is over the 20 datasets from the UCR repository [1].
The distance that better separates the existing classes for each dataset is marked
in bold style. It can be seen that the average of the separation measure for the
proposed kernel is better than that of the Euclidean distance and similar to that
of the DTW distance. When looking at the columns for computation times, it
is very clear that the Euclidean distance is by far the fastest one to compute,
followed by our proposed distance using (roughly) an order or magnitude extra
CPU time. The DTW distance is by far the slowest, needing two more orders or
magnitude than our kernel-based distance.

Table 3 further summarizes Table 2. On the table on the left, the reader
can observe that the behavior of the kernel-based distance is better than that of
DTW on average (1.65 versus 1.85), and both outperform the Euclidean distance
(1.65 and 1.85 versus 2.40). The table on the right shows the wins matrix for
pairs of distances over the 20 datasets. That is, in how many datasets a distance
separates better than another distance.

Table 2. Separation measure among classes and computing times

Separation Measure CPU Times (in s.)

Dataset Eucl Kernel DTW Eucl Kernel DTW

50Words 0.155 0.196 0.498 177.4 3653.3 176629.5
Adiac -0.042 -0.040 -0.027 83.8 387.5 32702.9
Beef 0.696 0.894 0.557 1.8 93.7 5505.9
CBF 0.150 0.311 0.557 0.5 4.9 94.2
Coffee -0.015 0.111 -0.015 0.3 5.8 316.9
ECG 0.045 0.054 0.126 0.2 3.8 22.8
FISH -0.004 -0.008 -0.018 10.3 46.4 2690.4
Face (All) 0.007 0.110 0.387 1.1 46.7 1928.6
Face (Four) -0.005 0.016 0.011 3.4 131.1 10576.4
Gun-Point 0.136 0.113 0.345 0.3 1.2 83.3
Lighting-2 0.126 0.152 0.263 0.4 29.0 1964.2
Lighting-7 0.137 0.268 0.279 3.6 67.1 4767.3
OSU Leaf 0.229 0.346 0.098 1.4 94.0 6396.3
OliveOil -0.063 -0.041 -0.027 2.5 100.8 6459.6
Swedish Leaf 0.104 0.144 0.048 9.3 39.2 2286.0
Trace 0.300 0.303 0.091 1.2 3.1 65.1
Two Patterns 0.113 0.165 0.585 1.1 19.2 1195.1
Synthetic Control 0.103 0.293 0.580 0.7 3.9 174.5
Wafer 0.126 0.172 0.015 0.3 1.0 72.9
Yoga -0.000 0.073 -0.005 0.3 11.0 724.1

Average 0.115 0.182 0.202 15 237.13 12732.8
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Table 3. Left: comparison of the number of times each distance achieves the first,
second and third positions over all datasets and average rank. Right: Win matrix for
pairs of distances, it should be read as follows: if row i and column j contains number
m, then distance i has beaten distance j a total of m times. For example, the Euclidean
distance beats the Kernel-based distance in 2 datasets, and beats the DTW distance
in 8 datasets.

Distance #1st #2nd #3rd Avg. Rank

Euclidean 1 7 11 2.40

Kernel 8 11 1 1.65

DTW 11 1 8 1.85

Distance Euclidean Kernel DTW

Euclidean – 2 8

Kernel 18 – 9

DTW 12 11 –

4 A Real Application: Classification of Ozone
Concentration in Atmosphere

Finally, an environmental application related to atmospheric pollutants such as
the tropospheric ozone is presented. The pattern recognition in ozone time data
is an important task as it is neccessary activate environmental politics and alert
protocols by the government when the ozone reaches high ozone concentration
levels in atmosphere. Ozone time series have been retrieved from a meteorological
station placed in the outskirts of Seville city (Spain), providing 312 times series
composed of 168 hourly records each one. The dataset is classified into two
classes corresponding to high and low ozone level periods (165 and 147 time
series, respectively). The time series data have been split in training set (218
time series) and test set (94 time series) preserving the proportion between the
two existing classes.

We have used the well-known nearest neighbor method (1-NN) with the three
competing distances to classify the ozone time series into weeks of high or low
ozone concentration. Table 4 shows the error in percentage and the time in
seconds obtained from the application of the 1-NN method to classify the test set
when using several distances. It can be observed that the kernel-based distance
presents better results in both error and CPU time.

Table 4. Percentage of error and time in seconds required to classify the test set

Distance Error Time

Euclidean 9.5% 0.5
Kernel-based 4.2% 23.3
DTW 6.3% 3692.9
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5 Conclusions and Future Work

In this paper we have presented a kernel for time-series data and its associated
distance metric. Initial experiments show promise in detecting similarity between
time-series. The proposed kernel has been compared to the Euclidean distance
as a reference distance and the DTW distance as one of the most competitive
distances that exist in the literature. The kernel is shown to efficiently separate
different time-series classes, and also, its application to real-world data has been
successful. In particular, it achieves low error in the classification of the ozone
atmosphere concentration. This paper is an initial step in the study of this kernel
and its possible variants. Further experimentation including comparison to other
state-of-the-art kernels are underway in the context of classification with kernel-
based methods. In the future, we plan to generalize our kernel to time-series that
differ in length. We would also like to adapt our ideas so that they can be used
in a streaming setting where time-series keep growing unboundedly.
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Abstract. A diagnosis strategy using neural network based functional approxi-
mation models associated to a rule based technique is developed. The aim is to 
apply the diagnostic task on condition monitoring of viscometers used in liquids 
handling (liquid fuels and lubricating oils) tasks. Based on fluid online meas-
ured data, including pressures and temperature, the viscometers diagnosis is be-
ing carried out. Required signals are achieved by conversion of available or 
measured data (fluid temperature and API and SAE grades) into virtual data by 
means of neural network functional approximation techniques. Using rule based 
techniques on fault finding and isolation task, it is concluded that the viscome-
ter monitoring task carried out by the analysis of the dynamic behaviour of 
both, the on line viscometer and virtual data subjected to the analysis of resi-
duals into a parity space approach, is successfully feasible. 

Keywords: Backpropagation feedforward NNs, Conjugate gradient, Diagnosis, 
Functional approximation, Functional redundancy, Parity spaces, Residual  
generation. 

1   Introduction 

Computational fluid dynamics depends on fluid viscosity which is a function of the 
fluid temperature and pressure, scenario in which an important group of analytic 
model based diagnostic tasks suffers from the required accuracy. Once assumed that 
viscosity is essentially fluid friction, and consequently, like friction between moving 
solids, viscosity transforms kinetic energy of macroscopic motion into heat energy, 
while the temperature dependence of viscosity at isobaric conditions is well estab-
lished (the viscosity increases with decreasing temperature), current discussion on the 
dependence of viscosity on external pressure (at isothermal conditions) shows a spec-
trum of controversial statements. 

In [1] (Jürn W. P. Schmelzer et. al., 2005) it is referred to experimental studies 
where the viscosity must increase in oils, as a rule, with increasing pressure.  
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Nevertheless, the opposite was experimentally found for some materials such glass-
forming silicate liquids. 

Such decrease of viscosity with increasing pressure, achieved in some ranges of 
pressure and temperature, is assumed as anomalous scenario, which is in contradic-
tion with the results of “free volume” theories of viscosity as mentioned in [1] (Jürn 
W. P. Schmelzer et. al., 2005). Such specification of the negative pressure depen-
dence of viscosity means that an increase of viscosity with increasing pressure is  
considered as the rule, but that deviations are also possible depending on the fluid 
characteristics. The question in this way arises on how this behaviour can be ex-
plained analytically satisfying an accuracy criteria. An attempt to analytically approx-
imate such function was carried out, concluding that, in most cases of interest, an  
increase of viscosity with increasing pressure must be expected, although exceptions 
are possible. Alternative theoretical approaches connect the decrease of viscosity with 
structural changes of the respective systems under pressure, which are not described 
appropriately by free volume concepts. Since for these complex systems, a decrease 
of the viscosity with pressure is observed as a rule, at least, for sufficiently high pres-
sures, one has to check, first, whether a decrease of viscosity with increasing pressure 
exists, in contradiction with free volume theories and, second, how to incorporate 
such additional structural behaviour into a model independently of the particular me-
chanism of structural change considered. Due to the above mentioned reasons, and in 
order to achieve a manageable solution to the referred controversy on the effects of 
pressure and temperature on viscosity, it is highly interesting to look for an alternative 
model based on experimental techniques in order to accurately represent the fluid  
dynamics behaviour. 

Liquids of constant composition in (stable or metastable) thermodynamic equili-
brium states are considered. Assuming the number of degrees of freedom of the sys-
tem equal to 2, and choosing temperature and pressure as the independent variables 
determining the properties of the system, in such cases, the viscosity μ can be consi-
dered as a function of pressure and temperature according to the expression 

),( Tpμμ =  (1) 

It is assumed also that the analysis is restricted to the cases where the thermal expan-
sion coefficient of the liquid is positive (this property is fulfilled at atmospheric pres-
sure for most but not all liquids), so that the following relations must be fulfilled  

0,0 >







∂
∂<








∂
∂

Tp pT

μμ  (2) 

These relations imply that the viscosity must decrease with increasing temperature 
(for isobaric processes), and must increase with increasing pressure (at isothermal 
conditions). Moreover, considering the viscosity as a function of pressure and temper-
ature, i.e., ),( Tpμμ = , the following identity can be written: 
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Equation (3) follows from purely analytical considerations and does not involve orig-
inally any experimental physics. Taking into account the viscosity dependencies given 
by equation 2, it is concluded that the inequality  

0>







∂
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μT

p  (4) 

must be fulfilled. This equation described as a purely mathematical relation has a 
quite definite physical meaning. As mentioned earlier, the viscosity of liquids of con-
stant composition in (stable and metastable) thermodynamic equilibrium states can be 
considered as a function of two state variables, pressure and temperature, i.e., 

),( Tpμμ = . However, if viscosity is considered as constant [i.e., ),( Tpμμ =  = 

const], then this relation gives a dependence between pressure and temperature (at 
constant viscosity). So equation (3) means that in order for the viscosity to remain 
constant, an increase of temperature leads to effects which can be compensated by an 
increase of pressure. 

1.1   The Viscosity Measurement 

The fluid viscosity can be defined as intermolecular fluid friction and as such, the flu-
id viscosity such as liquid fuels and lubricants spends strongly on fluid temperature 
and pressure [3]. In these fluids the dependence of the viscosity with pressure can 
reach some degree of order greater than the fluid density [2, 3, 26].  

The author of [4] highlighted that for a fluid under pressures approaching 5 MPa 
the dependence of the viscosity with pressure is important for a compressible fluid 
flow. Consequently it is recommended to take into account the correction of viscosity 
for pressure changes when handling compressible fluid flows. 

The idea of fluids with pressure dependent viscosity has been introduced by [5], 
while [6] proposed an exponential isothermal state equation model of the form 

p
oep βμμ =)(  (5) 

where here η  is the viscosity, p is the pressure, oη is the viscosity at atmospheric 

pressure, and β is el pressure-temperature coefficient which depends on the  

temperature. 
Many techniques have been developed for the measurement of viscosity. However 

the most common in use for online measurement in industry is the capillary viscome-
ter. This takes the form of a section of piping of reduced diameter through which the 
liquid is passed. The pressure differential between two points along the capillary is 
measured together with the flow rate. The volume rate of flow, Q, through the capil-
lary is measured for each pressure gradient Δp/L. The viscosityη, for a Newtonian flu-
id (an inelastic fluid) can then be determined from the Hagen-Poiseuille law [7] ac-
cording to  

L

dp
Q
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⋅Δ⋅=

η
π

8

4
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where d is the capillary tube diameter, L is the distance between differential pressure 
measurements with a differential pressure transmitter (DPT). The scheme depicted in 
figure 1 corresponds to a capillary viscometer. According to the scheme of figure 1, 
the necessary parameters as per equation (6) are the differential pressure and flow 
since capillary diameter and distance of differential pressure measurement are  
constants. 
 

 
Fig. 1. Basic scheme of the capillary viscometer described by equation (7) 

According to equation (6) the viscosity of a liquid is a function of the type  

LQ

dp

⋅⋅
⋅Δ⋅=

8

4πμ  (7) 

which can be described by means of a unique variable Δp under the assumption of 
constant (C) values for the rest of parameters of equation (7) Since the fluid is 
pumped at constant volumetric flow rate follows that equation (8) defines the viscosi-
ty under the assumption that some parameters are constant so that the viscosity can be 
further expressed as  

),( pCfm Δ=η  (8) 

where 

LQ

d
C

⋅⋅
⋅=

8

4π
 (9) 

Such described technique applied on practical viscosity measurement, although wide-
spread used in industrial viscosity measurements and viscosity control applications, 
still is subjected to operational faults affecting accuracy. 

2   A Virtual Model Based Viscometer 

Although viscosity is a function of pressure and temperature, when industrial 
processes are considered such as liquid fossil fuels and lubricating oils, capillary 
based viscometers may be replicated by means of functional approximation tech-
niques. In this way, several experimental techniques such as grade API for liquid fuels 

L

ΔpT
dpT TT 
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and grade SAE for lubricating oils is considered. Although more classifications exist, 
in this work only API and SAE grades are considered.  

The use of analytical redundancy will be applied on viscometer monitoring tasks. 
Instead of using the pressure-temperature dependence functions to express the model 
based viscosity, the grades API for fossil fuels and SAE for lubricating oils will be 
used. By means of these technical relations the viscosity can be expressed as function 
of the temperature and grade API or grade SAE respectively. Nevertheless, with the 
aim of achieving as much redundant information as possible at effective cost, func-
tional redundancy can be added by applying pressure temperature-dependences ac-
cording to the equation 

),(),( TpfTAPIfv ==μ  (10) 

Processing equation (10) implies the measurement of pressure and temperature (p,T). 

2.1   The Data to the Virtual Viscometer 

As mentioned, the viscosity can be defined as a function of the temperature and grade 
API or as a function of the temperature and grade SAE among other technical possi-
bilities. The aspect of both data bases are represented in tables 1 end 2 respectively. In 
table 1 the first column correspond to the temperature while in the rest of columns it 
is represented the viscosity as function of the temperature and the corresponding API 
grade depicted in the first row. 

In table 2 the first column correspond to the temperature while in the rest of col-
umns it is represented the viscosity as function of the temperature and the correspond-
ing SAE grade depicted in the first row. 

Table 1. Viscosity as function of the temperature and API grade 

T (ºC) / API grade 10 12 14 16 18 20 
15,55 260000 30000 6000 2000 750 500
26,66 35000 7000 2000 750 400 210
37,77 8000 2000 750 300 180 100
65,55 500 230 220 70 40 25
93,33 80 70 45 25 18 10
148,88     7 6 4 1,5

Table 2. Viscosity as function of temperature and SAE grade 

T (ºC)  
            SAE 
grade 

SAE  
20W50

SAE  
10W40

SAE 
30 

SAE  
10W30

40 175 110 92 70
60 122 80 65 50
80 70 50 42 32
100 20 19 17 15
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Since at the first row of table 2 the SAE grade is coded by an acronym, in table 3 
such data is represented by codifying the acronyms by means of numbers in order to 
be used as training data for the used  neural networks.  

Table 3. Viscosity as function of temperature and SAE grade codified by correlative numbers 

T (ºC)/SAE 1 2 3 4
40 175 110 92 70
60 122 80 65 50
80 70 50 42 32
100 20 19 17 15

2.2   The Management Approach 

The virtual viscosity (µv) can be expressed by a function of the type.  

),( TAPIfv =μ  for petroleum liquid fuels (table 1) 

),( TSAEfv =μ  for lubricating oils (table 2) 
(11) 

Such function based definitions can be used as redundant models to detect features or 
discrepancies between physical measurements (measured viscosity µm) and functional 
approximation based models. Such difference is considered as a residual (r) into a 
parity space approach which will be evaluated to decide about viscometer behaviour 
in terms of operating health. The viscometer health is assumed to be too low (abnor-
mal or faulty) if the residual surpass the value (rmax ). 

IF max)( rmv ≥− μμ  THEN viscometer performance is low (12) 

The possible causes of differences between measured viscosity (µm) and estimated 
virtual viscosity (µv) by functional approximation, approaching the value (rmax) may 
be due to one or more of the following causes or reasons: 

• Δp, which imply a fault at differential pressure transmitter, 
• P, which imply a fault at pressure transmitter, 
• T, which imply a fault at temperature transmitter, 
• API grade, which imply a fault due to changes in the fluid characteristics. 

2.3   Scheduling Virtual and Measured Data 

With the data bases described so far only single redundancy is achieved. Reliability 
may be gained by adding another function of the viscosity such that the virtual viscos-
ity µv2 as function of the operating pressure and temperature given by equation (1), i. 

e., ),(2 Tpfv =μ .  

Achieving consistent data to use as training data for the NN based function (1) a 
data quality verification task must be previously applied. In this way a test of consis-
tence based on residual r1 evaluation is performed. If the condition for which r1 is qu-
asi zero is fulfilled, then training data is validated into a database. Since for a given 
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fluid operating into an industrial process pressure is commonly constant, follows that 

the virtual viscosity may be expressed as )(2 Tfv =μ for a nominal operating con-

dition. Once verified the operating conditions for which r1 is quasi zero the data to use 

as training data on a NN based function such as ),(2 Tpfv =μ  or )(2 Tfv =μ  is 

achieved. The achieved function is depicted in figure 2 where two redundant virtual 
viscometers are used. 

According to the scheme depicted in figure 2, real time measured data is processed 
into a parity space approach. Residuals are further processed according to the model 
of equation (12). The residuals will be taken into account to isolate faults according to 
a rule base specifically designed to diagnose the viscometer. 

The necessary data to find the redundant function µv2 is achieved on line from the 
viscometer on line output and the measurements of pressure and temperature. In order 
to validate such acquired data the viscometer as well as the virtual viscometer based 
on the API or SAE data must coincide. 

The rule base is responsible for faults detection, faults isolation and decision mak-
ing based on real time data and functional approximation procedures. If the results of 
the isolation task are deterministic then the decision is also deterministic and the di-
agnosis task is reliable. However under some ambiguity, decision making task suffers 
from reliability. This problem may be overcome by increasing redundancy which af-
fects the cost since the increment of functional redundancy requires of physical mea-
surements as well as the direct physical redundancy. Same basic diagnostic is carried 
out by means of the rules described in table 4. The rule base depicted in table 5 shows 
the consequences of ambiguous results which requires expert human intervention. 

 

 

Fig. 2. The data scheduling scheme. (a), Basic scheme of redundant functional processor. (b), 
the structure of a feedforward neural network to process the functional redundant data. 
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The sophisticated techniques based on artificial intelligence to successfully com-
bine both functional approximation based neural networks with rule based techniques 
as described in literature [8-20, 27], are well justified to solve complex industrial 
problems.  

 

Table 4.  Rule base based on functional redundancy 

rule IF symptom THEN fault isolation decision 
1 µm = µv1 = µv2  no no fault No action 
2 µm = µv1 ≠ µv2 yes P sensor  calibrate pressure sensor 
3 µm ≠ µv1 = µv2 yes API data adjust API grade 
4 µv1 = µv2 ≠ µm yes Δp sensor calibrate Δp sensor 

However a vast grupe of diagnostic problems, such the exhibited in this work can 
be solved using simple algorithms for functional approximation on the basis of neural 
networks according to [9-11], i. e., backpropagation feedforward neural networks 
which fulfil the accuracy demand. Although several algorithms have been used in di-
agnostic tasks, such as the described in [8, 20-25], the applied strategy for the diag-
nostic task in this paper is based on the combination of two sets of rules: the rules 
based on the online functional value and rules based on the residuals. For both rules 
the conclusion deals with faults detection, faults isolation and cost effective decision 
making. 

Both rule bases shown in tables 4 and 5 are complementary to each other in order 
to achieve as much determinism as possible. 

 

Table 5.  Rule base exploiting the parity space by means of residuals 

rule IF symptom  THEN fault isolation decision 
1 |r1|≅ 0  and |r2| ≥  rmax  yes p fault calibrate p sensor 
2 |r1| ≥  rmax  and r2 ≅ 0   yes API data 

SAE data 
adjust API or  
SAE grade 

3 |r1|  ≥  rmax  and |r2| ≥  0 yes ambiguous intervention 

3   Supervision Strategy 

The supervising task is carried out by processing a rule which take into account the 
residuals achieved by comparing the redundant computed results (virtual viscosity) 
with the measured viscosity. 

At this point, assuming that the measurements of p and T and viscometer output are 
correct, the rule based residual evaluation is applied according to the scheme depicted 
in figure 3. 
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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 models η = 
f(SAE, T) and η = f(p, T) are compared to the current measured viscosity. The exis-
tence of any discrepancy, which is due mainly to inherent measurement inaccuracies, 
must be taken into account. The conclusions given by the applied rule are then carried 
out and executed. When the diagnostic task is enabled, the flowchart depicted in fig-
ure 2 is performed sequentially and recursively.  

3.1   Validation of the Strategy 

A lab based test rig consisting of a heat exchanger where target temperature can be 
controlled is equipped with a viscometer based on equation (7). Two virtual viscome-
ters based on functional approximation techniques are implemented in order to pro-
vide functional redundancy [f(p,T) and f(SAE grade, T)].  
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Fig. 4. A record showing a fault consisting of a change on SAE grade by processing rules of  
table 4 
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Fig. 5. A record of residuals showing the fault detected by rules of table 4 by processing rules 
of table 5, which indicate that the fault is a change of SAE grade 

With the aim of validating the proposed strategy, the implemented system is acti-
vated so that after an elapsed time of 350 sec., the SAE grade is changed from ( 2= 
SAE 10W40) to (3 = SAE30) according to the data of table 3. Based on the conditions 
proposed by means of the, the results of processing the rules yields the conclusions 
expected, indicating that a change in the oil grade has taken effect. The change of oil 
characteristics has been applied at t= 350 sec. As consequence, the rule 3 of table 4 
detects a change concluding that the fluid characteristic has been changed, and the so-
lution consists of adjust the SAE grade in the database. This change is shown in figure 
4. Simultaneously, and complementary to the task carried out so far, by processing 
rules of table 5 for the residuals, the fault detected by rules of table 4 is confirmed by 
the conclusions of the rule 2 of table 5, which indicates that the detected fault corres-
ponds to a change of SAE grade. This event is shown in figure 5. 

4   Conclusions 

This study proposed and successfully applied a supervision strategy focused on effec-
tive faults detection and isolation, deciding about actions to be taaaken including hu-
man intervention by means of the combination of causal NN based modelling tech-
niques with expert rules. The strategy has been applied on a viscometer equipped with 
redundant sensors. 

Results show that the detection of a fault due to a sensor malfunction as well as 
some changes on the fluid characteristics may be efficiently detected deciding on the 
actions to be executed. 

A relevant disadvantage of the applied methodology is the ambiguity of the con-
clusions when more than various faults are simultaneously detected.  
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Abstract. Concentrating Photovoltaic (CPV) technology attempts to optimize 
the efficiency of solar energy production systems and models for determining 
the exact module performance are needed. In this paper, a CPV module is stu-
died by means of atmospheric conditions obtained using an automatic test and 
measuring system. CO2RBFN, a cooperative-competitive algorithm for the de-
sign of radial basis neural networks, is adapted and applied to these data obtain-
ing a model with a good level of accuracy on test data, improving the results 
obtained by other methods considered in the experimental comparison. These 
initial results are promising and the obtained model could be used to work out 
the maximum power at the CPV reporting conditions and to analyze the per-
formance of the module under any conditions and at any moment. 

Keywords: Concentrating Photovoltaic Technology, Neural Networks, Evolu-
tionary Computation, Soft-Computing, Regression. 

1   Introduction 

Nowadays there is increasing interest in the use of solar energy as a source of electric-
ity or heat production. This energy is clean and renewable and the latest research in 
production systems is lowering its generation costs. Some of the drawbacks related to 
this energy include the problems derived from the discontinuity in its production. 
These problems are due to the variability in the environmental conditions and gener-
ate new associated tasks such as determining the exact performance of the solar cells, 
forecasting load demands and productions, etc. 

During recent years, Photovoltaic (PV) technology has experienced a major boost, 
as the result of a long period of investigation and experience. However, this conven-
tional PV technology has little capacity of increasing its efficiency and it is in an ad-
vanced place on its learning curve [20]. In this sense, Concentrating Photovoltaic 
(CPV) is presented as a new form of electricity generation [7], which needs to be 
investigated, thoroughly and to have a wide experimental basis that allows us to en-
sure its performance in the medium to long term. Despite the excellent prospects of  



440 A.J. Rivera et al. 

installed CPV power, apart from the International Standard IEC 62108 [9], CPV nor-
malization does not exist, so the absence of publications about CPV systems’ real 
outdoor performance or regression methods for modeling these systems is remarkable. 
This lack of experience involves a technological risk, and makes difficult the industri-
al and economic development of this technology. In this sense, the existence of  
models which allow the prediction of modules performance from initial atmospheric 
condition is remarkable for the emerging CPV technology.  

Data mining methods have been successfully used to determine energy models for 
demand and production [4][22]. In particular, Artificial Neural Networks (ANN) have 
been used for similar tasks [10][11], but only for conventional PV technology, not 
including CPV systems. 

Radial Basis Function Networks (RBFNs) [3] are one of the most important ANN 
paradigms in the Machine Learning field. The overall efficiency has been proved in 
many areas such as regression, time series prediction and in problems related to en-
ergy [26][23], but not yet in CPV modeling. CO2RBFN [15] is an evolutionary coop-
erative-competitive method, developed by the authors, for the design of RBFNs, for 
classification and time series forecasting problems.  

In this paper the characterization of CPV modules is studied, specifically the mod-
eling of maximum power given by a CPV module under any conditions. The 
CO2RBFN method is adapted in order to determine a regression model for CPV mod-
ules and the results obtained are compared with other regression models. 

The contribution is organized as follows. Section 2 describes preliminary informa-
tion related to concentrating photovoltaic technology and variables used for the cha-
racterization of other modules. Section 3 explains the cooperative-competitive hybrid 
algorithm for RBFN design, CO2RBFN, used for the photovoltaic module modeling 
process. Section 4 presents the experimental study performed with CO2RBFN and 
different regression data mining algorithms, based on statistical techniques, support 
vector machines, fuzzy rule based systems multilayer perceptrons and classical 
RBFNs. Finally, some concluding remarks are outlined in Section 5. 

2   Preliminaries: Concentrated Photovoltaic Technology 

CPV technology proposes a cost reduction, by the use of high efficiency Multijunction 
solar cells [6], an optic device to concentrate the incident radiation, and a tracker, point-
ing continuously to the sun, guaranteeing the maximum production of the system [8]. 

When talking about CPV Technology, the manufacturer gives information about 
the power given by a CPV module working under determined atmospheric conditions. 
Nevertheless these conditions are not real, and difficult to obtain in most cases. 

Due to the absence of CPV Standardization, there are not specific Standard Test 
conditions. Nobody really knows which are the conditions that influence a CPV mod-
ule performance or which of these conditions must be taken into account to predict 
the production in a determined period of time. Each manufacturer gives the CPV 
module power rating for different conditions, making it almost impossible to compare 
them with each other or with other PV technologies. 
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For all of these reasons, a prediction method that gives us information about the in-
fluence of atmospheric conditions is essential to enable the development and  
commercialization of this technology, which is now immersed in a first stage of  
investigation. 

2.1   Concentrated Photovoltaic Module under Study 

In the present study, it is considered that the maximum power given by a CPV module 
(PM) is highly influenced by atmospheric conditions. In this way, it is essential to 
know the positive or negative impact of this influence, to obtain the power of the 
module for determined initial atmospheric external conditions. 

In order to obtain the regression model, it is necessary to have these initial atmos-
pheric external conditions, measured for a determined period of time, using an Auto-
matic Test & Measurement System, developed by the IDEA research group. 

The measures were taken on the flat roof of the Higher Technical School at the 
University of Jaen. To carry out the measurement we used a 2-axes solar tracker, 
addressed to support the CPV module under study and faced towards the sun.  

The Automatic Test & Measurement System designed allows the CPV module I-V 
curve and outdoor atmospheric conditions (that will influence the module perfor-
mance) to be measured at the same time. The registered data, each 5 minutes, are the 
following: maximum module power (PM) (obtained through the measurement and 
tracing of I-V curve), ambient temperature (Tamb), direct normal irradiance (DNI), 
wind speed measure (Ws), and spectral irradiance distribution of the incident global 
irradiance, described through average photon energy (APE) values. 

2.2   Regression Models Proposed for Other CPV Modules 

Different regression models have been proposed to characterize other CPV modules. 
All of these are based on multiple lineal and quadratic regression methods which 
make use of different variables to represent the module. 

The regression methodology based on ASTM E-2527-09 Standard [2], allows the 
calculation of a1, a2, a3, and a4 regression coefficients which express the maximum 
power dependence with the direct irradiance, wind speed and ambient temperature: 

PM = DNI(a1 + a2DNI + a3Tamb + a4Ws)                       (1) 

There are some authors who study the CPV modules external performance dependence 
with different atmospheric conditions, trying to develop a simplified model of the 
Standard ASTM E-2527, which will calculate the real power (measured outdoors), 
from previously known initial conditions. In this way, the ISFOC (Institute of Concen-
tration Photovoltaic System) has developed a multiple lineal regression method which 
allows the calculation of the concentrator DC’s maximum power, using its I-V curve, 
DNI and back plate temperature [17][18]. 

The NREL (National Renewable Energy Laboratory) has also studied the CPV 
modules power dependence with atmospheric conditions, applying the standard  
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described in [13]. A high variability in ASTM rating has been observed, because this 
regression does not take into account the influence of spectral conditions. 

Another variation of ASTM multi linear regression methodology has also been ap-
plied to measuring different modules’ maximum power, analyzing the influence of 
DNI (Direct Normal Irradiance), Z (Spectral Parameter), and module temperature, 
without taking into account the influence of wind speed, and obtaining the regression 
coefficients of the following equation [14]: 

PM = cDNIDNI + cZZ + cTTModule + Offset                       (2) 

These approaches to the characterization of CPV modules shows the absence of a 
standard in the variables which influence the model and all of them are based on mul-
tiple linear and quadratic regression models. In this paper, the CPV modules characte-
rization is based on ambient temperature (Tamb), direct normal irradiance (DNI), wind 
velocity measure (Ws), and spectral irradiance distribution of the incident global irra-
diance described through average photon energy (APE) values. In this study, these 
atmospheric conditions have been considered as the most influential on the perfor-
mance of CPV, not having been analyzed together in any of the works previously 
described. 

3   CO2RBFN: Cooperative-Competitive Hybrid Algorithm for 
RBFN Design 

An RBFN is a feed-forward ANN with a single layer of hidden units, called Radial 
Basis Functions (RBFs), Fig. 1. The m neurons of the hidden layer are activated by a 
radially-symmetric basis function, φi:R

n → R, which can be defined in several ways. 
From all the possible choices for φi, the Gaussian function is the most widely used:

)()(
2)( ii dcx

ii ex
 −−=φφ , where ic


 ∈ Rn is the centre of basis function φi, di ∈ R is the 

width (radius), and  is typically the Euclidean norm on Rn. In regression the 
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Fig. 1. Diagram for a Radial Basis Function Neural Network 



 A Performance Study of Concentrating Photovoltaic Modules Using Neural Networks 443 

CO2RBFN [15] is a cooperative-competitive hybrid algorithm for RBFN design. In 
the proposed approach each individual of the population represents a basis function 
and the entire population is responsible for the final solution. This allows for an envi-
ronment where the individuals cooperate towards a definitive solution. However, they 
also compete for survival, since if their performance is poor they will be eliminated. 

With this environment in which the solution depends on the behavior of many 
components, the fitness of each individual is known as credit assignment. In order to 
measure the credit assignment of an individual, three factors have been proposed to 
evaluate the role of the RBF, φi, in the network. These factors taken into account the 
contribution, ai, of the RBF to the network, the Root Mean Squared Error (RMSE) 
committed, ei, inside the radius of the RBF and its possible overlapping, oi, with other 
RBFs. To decide the operators’ application probability over a certain RBF the algo-
rithm uses a Fuzzy Rule Based System (FRBS).  

The main steps of CO2RBFN are shown in the pseudocode: 

1. Initialize RBFN 
2. Train RBFN 
3. Evaluate RBFs 
4. Apply operators to RBFs 
5. Substitute the RBFs that were eliminated 
6. Select the best RBFs 
7. If the stop-condition is not verified go to step 2 

1. RBFN initialization. A number, m, of neurons is specified (i.e. the size of popula-
tion). Each RBF centre, , is randomly established to a pattern of the training set. 

The widths, di, will be set to half of the average distance among the centres. Fi-
nally, the weights, wi, are set to zero. 

2.  RBFN training. As adaptation for this CPV regression task the SVD algorithm [5] 
is used to train RBFs weights. This training algorithm has reported better results 
for the addressed problem than the traditional LMS [25] algorithm used in the 
CO2RBFN algorithm. 

3. RBF evaluation. A credit assignment mechanism is required in order to evaluate 
the role of each base function in the cooperative-competitive environment. For an 
RBF φi, three parameters, ai, ei, oi are defined. Equations are shown in Table 1. 

4. Applying operators to RBFs. Another adaptation for this regression task is that 
three operators have been defined to be applied to the RBFs. This configuration, 
with only one mutation operator, has obtained better results than other versions of 
CO2RBFN with more mutation. The operators are: an operator that eliminates 
(Remove) the RBF, an operator that randomly mutate (Mutation) the RBF and fi-
nally an operator that maintains (Null) the RBF parameters. The operators will be 
applied to the whole population of RBFs. The probability for choosing an operator 
is determined by means of a Mamdani fuzzy system. The inputs of this system are 
parameters ai, ei and oi used for definition of the credit assignment of the RBF φi,. 
These inputs are considered as linguistic variables vai, vei and voi, and the outputs 
are pR, pM, and pN, representing the probability of applying the operators Remove, 
Mutation, and Null respectively. Fig. 2 shows the rule base and the linguistic label 
used for modeling the CPV module 

 

ic
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Table 1. Definition of the credit assignment parameteres 

(4) 

wi: weight  
pii: number of patterns of the training set in-
side the RBF φi width  
q: average of the pii values minus standard 
deviation of these 

         

(5) 

 yi: real/desired value  

fi: output of the net. 

(6)
oij: overlapping of the RBF φi and the RBF φj 

 

 Antecedents Consequents 
 va ve vo pR pM pN

R1 L   M-H M-L L 
R2 M   M-L M-L M-L 
R3 H   L M-H M-H
R4  L  L M-H M-H
R5  M  M-L M-L M-L 
R6  H  M-H M-L L 
R7   L L M-H M-H
R8   M M-L M-H M-L 
R9   H M-H M-L L 

 

 

 

Fig. 2. Rule Base in the FRBS (Left). Linguistic labels for inputs (Top-Right) and outputs 
(Bottom-Left) 

 
5. Introduction of new RBFs. In this step of the algorithm, the eliminated RBFs are 

substituted by new RBFs. The new RBF will be located in the zone with highest er-
ror outside of any RBF width a bad classified pattern or in the first pattern found 
outside of any RBF width with a probability of 0.5 respectively. 

6. Selection of the best RBFs. After applying the mutation operator new RBFs appear. 
The algorithm uses the replacement scheme. The new RBFs are compared with their 
parents in order to determine the RBFs with the best behavior. 
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4   Experimentation 

In order to characterize the CPV module, the CO2RBFN method has been used and its 
results have been compared with the ones obtained by different data mining tech-
niques including statistical regression methods. 

The data provided by the Automatic Test & Measurement System are described in 
the first subsection. A brief description of the data mining algorithms used for the 
comparison is presented in the second subsection together with the parameters used. 
The results are described and analyzed in the last subsection. 

4.1   CPV Module Data 

As mentioned previously, the Automatic Test & Measurement System, designed for 
the CPV performance analysis, provides us with the data used in the experimentation. 
A pattern is composed of five elements, which include four inputs: incident direct 
normal irradiance (DNI), ambient temperature (Tamb), wind speed (Ws) and spectral 
irradiance distribution through the average photon energy (APE). The maximum 
power delivered by a CPV module (PM) is considered as output. None of the previous 
works analyzed have considered all these atmospheric conditions as determinant 
when studying the performance of a CPV module. 

Data were sampled from 10:00 am to 19:00 and from June to September 2011. The 
whole data set is composed of 7734 patterns. With the aim of estimating the real error 
on new patterns, the results were obtained using ten-fold cross-validation. The parti-
tions were built with KEEL [1]. 

4.2   Methods Used for the Comparison 

In this paper the following methods have been selected for the comparison:  

• Statistical regression methods. Mean squares linear and quadratic regression mod-
els (LMSLR and LMSQR respectively) have been considered [19]. 

• ν-SVM. An adaptation of the Support Vector Machine methods for regression prob-
lems [21]. 

• WM-FRBS [24]. Proposed by Wang and Mendel for generating fuzzy rules for 
regression problems. 

• MLP-CG [12] which uses the conjugate-gradient algorithm to adjust weight values 
of the Multilayer Perceptron (MLP) network. 

• RBFN-LMS [3] that builds an RBFN with a fixed number of RBFs and trains the 
weights using the LMS algorithm. 

• Incr-RBFN [16], an RBFN design algorithm based on an incremental scheme. 

All methods are implemented in KEEL [1]. The parameters used for them are the ones 
recommended by their authors. For CO2RBFN the number of neurons was established 
at 10 and the iterations of the main loop at 200. 
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4.3   Results and Analysis 

The results obtained are described in Table 2. This table shows the average Root 
Mean Square Error (RMSE) from 30 runs for training and test data using ten-fold 
cross validation. Algorithms are ranked by the test result. 

Table 2. RMSE results for the CPV module modelling 

Algorithm RMSEtra RMSEtest 
CO2RBFN 4.9716 4.9970 
LMSQR 5.1199 5.1424 
MLP-CG 5.1460 5.1614 
LMSLR 5.3052 5.3089 
v-SVM 5.5726 5.5748 

Incr-RBFN 6.0948 6.1069 
RBFN-LMS 6.2966 6.3136 
WM-FRBS 6.6321 6.6799 

 
Observing the results it is remarkable that the method which models the CPV 

module with the highest precision is CO2RBFN, followed by the quadratic regression 
method and MLP-CG. 

If we analyze these results by type of method we can observe the good perfor-
mance achieved by the classical regression method, typically used in the modeling of 
PV modules. Concretely the LMSQR has reached the second position in the ranking. 
This is a coherent result because, as mentioned before, these algorithms have typically 
been used for modeling PV modules. Neural networks design models like CO2RBFN 
and MLP-CG have also obtained good results, CO2RBFN in the first position and 
MLP-CG the third position. Nevertheless, neural networks design methods such as 
RBFN-LMS or Incr-RBFN obtain the poorest results. In this way we can conclude 
that not only is the model chosen important but also the method employed to design 
this model. Finally, the results obtained with typical design regression methods such 
as v-SVM, that obtained an intermediate result, or WM-FRBS that obtained the worst 
result, suggest that the problem addressed is not trivial. 

The model obtained by the CO2RBFN algorithm gives an error of approximately 
3.3% which can be compared with those given by an important test and measurement 
Spanish PV centre: CIEMAT (http://www.ciemat.es). This can led us to conclude that 
the model obtained, the outdoor atmospheric variables used for this modeling process 
and the way of computing the spectral irradiance distribution of the incident global 
irradiance (by means of average photon energy value) are suitable for this problem. 
Moreover, this model can be used to determine whether the power given by a module 
(and established by the manufacturer) can be achieved, in a quality control process. 

5   Concluding Remarks 

CPV technology attempts to optimize the efficiency of the solar energy production sys-
tems. As with conventional PV technology, it suffers from the discontinuity in its pro-
duction and needs models for determining the exact module performance, forecasting 
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the production or load demands, etc. The need for regression models is greater than for 
PV technology owing to the fact that CPV normalization does not exist and that there 
are not enough studies about CPV systems´ real outdoor performance.  

In this paper a CPV model was studied by means of atmospheric conditions. To do 
so, using an automatic test and measurement system, the I-V curve and outdoor at-
mospheric conditions were registered. The characterization of the CPV model was 
carried out considering incident normal irradiance, ambient temperature, spectral 
irradiance distribution and wind speed. The spectral irradiance distribution was stu-
died through an index that defines the shape of the incident irradiance spectrum, the 
average photon energy.  

The CO2RBFN algorithm was adapted and applied to these data obtaining a model 
with a good level of accuracy on test data, improving the results obtained by other 
methods considered in the experimental comparison. These initial developments and 
results are promising, and because of the high dependence of the results and the 
amount of data considered in the data mining process the authors think that by in-
creasing the database for the data mining process, the obtained model could be used to 
work out the maximum power at the CPV reporting conditions and to analyze the 
performance of the module under any conditions and at any moment. 
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Abstract. Nowadays the efforts of humanity to keep the planet safe are 
considerable. This aspect is reflected in everyday problems, including the 
minimization of vehicle’s air pollution. In order to keep a green planet, in 
particular transportation problems, the main purpose is on limiting the pollution 
with gas emissions. In a specific capacitated fixed-charge transportation 
problem with fixed capacities for distribution centers and customers with 
particular demands the objective is to keep the pollution factor in a given range 
while the total cost of the transportation is as low as possible. In order to solve 
this problem, we have developed some hybrid variants of the nearest neighbor 
classical approach. The proposed algorithms are tested and analyzed on a set of 
instances used in the literature. The preliminary results point out that our 
approaches are attractive and appropriate for solving the described 
transportation problem. 

Keywords: Hybrid heuristics, Transportation Problem, Optimization. 

1   Introduction 

One of the new concepts in modern optimization, according to Seuring and Muller 
[15] is the field of sustainable supply chain design, representing a business issue af-
fecting a company’s supply chain (logistic network) in terms of environmental, risk 
and waste costs. The model is focused on economic and environmental aspects of 
greenhouse gas emissions. Santibanez-Gonzales et al. [14] described a supply chain 
network design problem arising in governmental agencies, where we have to decide 
the location of institutions as schools, hospitals, taking into account sustainable issues 
in the form of restrictions on the dioxide carbon equivalent emissions. 

A transportation problem is a network problem [8]. Some particular transportation 
problems are described as fixed cost transportation problems [1, 16], that are exten-
sions of the traditional transportation problem and are considered two kinds of costs: 
direct costs and fixed costs. Based on sustainability of a supply chain network [14], 
the current paper proposes a hybrid classic approach for solving a two-stage supply 
chain transportation problem. We describe the network design model and analyzed 
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the impact of restrictions in the greenhouse gas emissions on transportation costs and 
in the location of facilities of the network of one layer instead of two as in [14], but 
involving two-stage chains as in [10,12]. The mathematical model of the problem is a 
mixed-integer 0-1 programming model. 

One of the first multi-objective mixed-integer 0-1 model for deciding location and 
capacity expansion of facilities and transportation issues in a given planning horizon 
was developed in [9].  The profit was maximized and the environmental impact of the 
facility operations while satisfying the market demand for products was minimized. 

The considered two-stage supply transportation problem implies a supply chain  
from a manufacturer who delivers items to certain distribution centers and a chain 
from distribution centers to a group of customers with given demands. The goal of the 
problem is to minimize the transportation cost, keeping the pollution, the gas emis-
sions, as low as possible. A new constraint based on the supply chain characteristics 
and on the two-layers supply chain from [14] is introduced.  

In order to solve complex transportation problems researchers use different heuris-
tics [4,14] and hybrid techniques [2] . In the current paper, we develop a hybrid model 
using the nearest neighbor technique. In time, this approach was used to solve many 
difficult applications such as from data mining [6], machine learning [3], data com-
pression [7], document retrieval [4] and statistics [5]. 

This paper consists of 5 sections and its frame is organized as follows: Sect.  2 il-
lustrates the two-stage supply chain fixed-charge transportation problem including the 
greenhouse gas emission constraint and presents as well an example, the classical 
hybrid models based on Nearest Neighbor are shown in the third section followed by 
tests and results section. The paper concludes with future research directions. 

2   The Two-Stage Supply Chain Fixed-Charge Transportation 
Problem 

The two-stage supply chain network transportation problem involves the manufactur-
er, some distribution centers and customers. There are several potential distribution 
centers (DCs) candidate for the manufacturer. There are also considered the custom-
ers whose particular demands should be satisfied by distribution centers.  
The complexity of the problem involves a large number of constraints, high dimen-
sions, uncertainties and a large number of parameters. 

It is stated that the manufacturer has no capacity limitation in production.  It is al-
so assumed that each potential distribution center has distinct and different capacity in 
order to support the customers [10]. There are known the transportation cost from the 
manufacturer to a distribution center and the opening cost for each potential distribu-
tion center.  
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Optimizing the two-stage supply chain network transportation problem means to 
minimize the total cost when selecting distribution centers which supply demands of 
all the customers.  

Fixed costs and transportation costs are parts of the total cost. For a two-chain net-
work fixed costs are considered the opening cost for potential distribution centers and 
also fixed cost for transportation from distribution centers to customers. 

Transportation cost implies also the two-stage costs from manufacturer to distribu-
tion centers and transportation costs from distribution centers to all customers. There 
are considered m potential distribution centers and a number of n customers, each one 
with a particular demand [10,12]. 

The following notations are used: 

• fi is the opening fixed cost for a distribution center i  
• fij is the fixed cost for transportation from distribution center i, to customer j 
• ci is the transportation cost per unit from manufacturer to distribution center i 
• cij transportation cost per unit from distribution center i to customer j 
• xij is the quantity to be transported from distribution center i to customer j  
• ai  is the capacity of a distribution center i 
• bj is the number of units demanded by customer j  

The objective problem is to minimize the function Z:  

fctc ZZZ +=
                                

(1) 

where Z tc is the total cost of transportation and Zfc is the total of the fixed costs. 
Ztc is the total cost of transportation, including the transportation cost from manufac-
turer to distribution centers and from distribution centers to customers. 
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Zfc is the sum of fixed costs, including the opening costs of distribution centers and 
the fixed costs from distribution centers to customers. 
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The new constraint of the problem based on [14] follows: 
 

                                      
(9)  

 

 
where αi =GHG emissions factor of a facility located at distribution center, in tons of 
CO2e per unit demand, α’= GHG emissions factor of a facility located at manufactur-
er, in tons of CO2e per unit demand, βij = GHG emissions factor per unit distance and 
per unit demand between distribution center i and customer location j, in tons of CO2e 
per km and unit demand and β’i =GHG emissions factor per unit distance and per unit 
demand between manufacturer and distribution center i, in tons of CO2e per km and 
unit demand. 

The novelty of our paper is that we consider as well the chain from manufacturer to 
distribution center, that is why the parameters αÊ and β’i  are also involved in the (9) 
inequality of sum emission factor. 

Fig. 1 shows an example of a supply chain network as in [10].   
Using the example from [10] are considered three potential distribution centers   

and five costumers. Data’s properties are detailed in [10]. The best solution for this 
example is choosing distribution centers 2 and 3 as follows:  the customers 1 and 4 
are served from distribution center 2 and customers 2, 3 and 5 receive their demands 
from distribution center 3. 

The results of computing the total cost for this allocation is 3625. 
For the current paper purpose is investigated the GHG value of the greenhouse gas, 

GHG, emissions produced by the transportation and the operation of the facilities.  
For this particular problem all α values are considered equal and all β values are  
equal too. 
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Fig. 1. An example for a two stage supply chain network [10] 
 

The results of computing the total GHG for the given solution:  

The gas emissions from the manufacturer to DCs is  
β· (3·150+3·200) + α· (150+200) = β· 1050+ α·350 
The gas emissions from DCs to customers is 

β·(3·50+1·100+2·25+5·25+3·100+4·50)+α(50+100+25+25+100+50)=β·925+α·350 
The total emission is β·1975+α ·700. 
Considering α=1 and β=2, the total emission is 4650 
Considering α =0.01 and β=0.02, the total GHG emission is 46.5 
In order to get closer to a real approach to a sustainable supply chain design with 

the action to reduce and to control the pollution, the total emissions is limited by a 
given value denoted GHG. In this particular case let consider the following cases: 

• if GHG=50 then 46,5<50 and therefore the greenhouse gas emissions are in 
the limits  

• if GHG=40 then 46,5>40 and therefore the pollution is out of the limits and 
some restrictions should be taken by authorities. 

3   Classical Hybrid Models Based on Nearest Neighbor  

In order to reduce the greenhouse gas (GHG) emissions produced by the transporta-
tion and the operation of the facilities for a two-stage supply chain transportation 
problem it is involved Nearest Neighbor technique. In [12] are introduced several 
hybrid heuristic approaches based on Nearest Neighbor technique.   
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For the fixed-charged transportation problem, with two stages of a supply chain 
network, Nearest Neighbor algorithm could be applied when are chosen the potential 
distribution center and also when are chosen the best edges from distribution centers 
to customers. The algorithm for the supply chain used to search the suitable distribu-
tion centers list, starting from manufacturer, is detailed in Fig. 2. 

 
 

 
 

Fig. 2. The procedure used by a manufacturer when chooses distribution centers 
 
 
There are used two variants for this supply chain. 
DX-randomly chosen the potential distribution centers 
DY-with the best probability based on the total request and distribution centers ca-

pacities as in [12]: 
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where xconti is the number of nonzero quantities to be transported from distribution 
center i to customer j, when xij>0. For the second supply chain the way each customer 
chooses suitable distribution centers as in Fig. 3. 
 
 

 
 

Fig. 3. The procedure used by a customer when chooses distribution centers 

4   Tests and Results 

The algorithms described in Sect. 3, used to solve the two-stage supply chain fixed-
charged transportation problem were coded in java and compiled under Linux. For 
testing our implementation were generated 9 instances, 3 instances for each dimen-
sion considered (10 x 10, 10 x 30, 30 x 100) as in [12]. For every instance a two-stage 
supply chain with one layer is considered. Hybrid considered algorithm are choosing 
in different ways the distribution center starting from the manufacturer.  

HNN-DX is the algorithm where a distribution center is chooses randomly and 
HNN-DY 10-12 are algorithms with distribution center chosen with a probability spe-
cified in equations (10), (11) and (12). 

The parameters used in Sect. 2, inequality (9) are: the total emissions limit GHG 
considered 150,000 and the greenhouse gas emissions coefficients α’=α=0.02 and 
β’=β=0.04. 

Table 1 shows that the optimal objective of greenhouse gas emissions values was 
obtained by HNN-DY10. The gap error is computed as follows: 
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%.100
_

_ ⋅−=
valuebest

valuebestvalue
GapError                        (13) 

where the best_value is considered the minimal result within considered algorithms. 
Furthermore, an unpaired t-test of other considered algorithms versus HNN-DY10 is 
illustrated in Table 2. 

Table 1. Gap errors for greenhouse gas emissions value for NN and hybrid NN algorithms 

Dim dataset 
Total 
supply 

Total 
demand 

NN 
HNN-
DY10 

HNN-
DY11 

HNN-
DY12 

HNN-
DX 

10x10 
 

SET 1 
30.000 10.000 

0,0012 0,0000 0,0012 0,0008 0,0071 
SET 2 0,0015 0,0023 0,0015 0,0000 0,0056 
SET 3 0,0019 0,0000 0,0019 0,0021 0,0070 

10x30 
 

SET 1 
45,000 15,000 

0,0012 0,0009 0,0012 0,0000 0,0014 
SET 2 0,0031 0,0000 0,0031 0,0029 0,0035 
SET 3 0,0007 0,0000 0,0012 0,0013 0,0010 

30x100 
 

SET 1 
90,000 30,000 

0,0025 0,0000 0,0025 0,0022 0,0043 
SET 2 0,0007 0,0000 0,0005 0,0028 0,0055 
SET 3 0,0013 0,0000 0,0014 0,0020 0,0015 

 

Table 2. Results of unpaired t-test results, based on HNN-DY10  

 NN. HNN-DY11 HNN-DY12 HNN-DX 
t-test result t 0.348 0.358 0.64 0.875 
the probability of the  
result, assuming the null 
hypothesis 

0.73 0.72 0.475 0.39 

 
Although the difference is considered to be not statistically significant, based on 

the unpaired t-test results from Table 2, the value closer to HNN-DY10 are in order: 
NN, HNN-DY11, HNN-DY12 and HNN-DX. An important observation is that not al-
ways the cost of the transportation is proportional with greenhouse gas emissions.  

Further work should be done considering other hybrid heuristics as bio-inspired 
ones [2,11,13] in order to give a better support for transportation problems. Another 
perspective of the two-stage supply chain fixed-charged problem should be consi-
dered when using multi-layer facilities. 

5   Conclusions and Future Work 

A two-stage supply chain network design problem that arises in the public sector con-
sidering sustainable constraints in the form of restrictions on the dioxide carbon 
equivalent emissions is considered. Hybrid heuristics are involved, using different 
probabilities in order to find the suitable distribution center starting from a given  
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manufacturer. The entire request from all customers should be satisfied. We observed 
that the cost of the transportation is not always proportional to the greenhouse gas 
emissions. 
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Abstract. This paper describes the process of mining information from
loosely structured medical textual records with no apriori knowledge.
The typical patient record is filled with typographical errors, duplicates,
ambiguities, syntax errors and many (nonstandard) abbreviations. In
the paper we depict the process of mining a large dataset of ∼50,000–
120,000 records × 20 attributes in database tables, originating from the
hospital information system (thanks go to the University Hospital in
Brno, Czech Republic) recording over 11 years. The proposed technique
has an important impact on reduction of the processing time of loosely
structured textual records for experts.

Note that this project is an ongoing process (and research) and new
data are irregularly received from the medical facility, justifying the need
for robust and fool-proof algorithms.

Keywords: Swarm Intelligence, Ant Colony, Textual Data Mining,
Medical Record Processing, Hospital Information System.

1 Introduction

1.1 Nature Inspired Methods

Nature inspired metaheuristics play an important role in the domain of artificial
intelligence, offering fast and robust solutions in many fields (graph algorithms,
feature selection, optimization, clustering, feature selection, etc). Stochastic na-
ture inspired metaheuristics have interesting properties that make them suitable
to be used in data mining, data clustering and other application areas.

In the last two decades, many advances in the computer sciences have been
based on the observation and emulation of processes of the natural world. The
origins of bioinspired informatics can be traced to the development of percep-
trons and artificial life, which tried to reproduce the mental processes of the
brain and biogenesis respectively, in a computer environment [1]. Bioinspired
informatics also focuses on observing how the nature solves situations that are
similar to engineering problems we face.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 459–467.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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With the boom of high-speed networks and increasing storage capacity of
database clusters and data warehouses, a huge amount of various data can be
stored. Knowledge discovery and Data mining is not only an important scien-
tific branch, but also an important tool in industry, business and healthcare.
These techniques target the problematic of processing huge datasets in reason-
able time – a task that is too complex for a human. Therefore computer-aided
methods are investigated, optimized and applied, leading to the simplification of
the processing of the data. The main goal of computer usage is data reduction
preserving the statistical structure (clustering, feature selection), data analysis,
classification, data evaluation and transformation.

1.2 Ant Algorithms

Ant colonies inspired many researchers to develop a new branch of stochastic al-
gorithms: ant colony inspired algorithms. Based on the ant metaphor, algorithms
for both static and dynamic combinatorial optimization, continuous optimiza-
tion and clustering have been proposed. They show many properties similar
to the natural ant colonies, however, their advantage lies in incorporating the
mechanisms, that allowed the whole colonies to effectively survive during the
evolutionary process.

Cemetery formation and brood sorting are two prominent examples of insects’
collective behavior. However, other types of ant behavior have been observed,
for example predator-prey interaction, prey hunting, etc. The most important
are mentioned below.

By replicating the behavior of the insects, the underlying mechanisms may be
found and a better understanding of nature may be furthermore achieved. By
applying the social insect behavior to computer science, we may achieve more
effective techniques. Computer models based on the clustering and sorting of
insects can lead to better performance in areas such as search, data mining, and
experimental data analysis.

1.3 Text Extraction

The accuracy for relation extraction in journal text is typically about 60 % [6].
A perfect accuracy in text mining is nearly impossible due to errors and dupli-
cations in the source text. Even when linguists are hired to label text for an
automated extractor, the inter-linguist disparity is about 30 %. The best results
are obtained via an automated processing supervised by a human [7].

Ontologies have become an important means for structuring knowledge and
building knowledge-intensive systems. For this purpose, efforts have been made
to facilitate the ontology engineering process, in particular the acquisition of
ontologies from texts.

1.4 Motivation

The task of this work is to provide the researchers with a quick automated
or semi-automated view on the textual records. Textual data are not easy to
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visualize. The word frequency method is simple, but did not provide easily in-
terpretable data. Therefore we decided to extract information in the form of a
transition graph.

Such graphs allow as to induce a set of rules for information retrieval. These
rules serve for extraction of (boolean/nominal) attributes from the textual rules.
These attributes are used in automated rule discovery and can be further used
for recommendation. The overall goal of the project is asphyxia prediction during
delivery. High asphyxia might lead to several brain damage of the neonate and
when predicted, caesarean section might be indicated on time.

2 Input Dataset Overview

The dataset consists of a set of approx. 50 to 120 thousand records (structured in
different relational DB tables; some of them are not input, therefore the range is
mentioned) × approx. 20 attributes. Each record in an attribute contains about
800 to 1500 characters of text (diagnoses, patient state, anamneses, medications,
notes, references to medical stuff, etc.). For textual mining, 16 attributes are
suitable (contain sufficiently large corpus).

Fig. 1. Figure shows a transitional diagram (directed graph) structure of single at-
tribute literals (a subset). Circular visualization has been used to present the amount
of literal transitions (vertices).

The overview of one small (in field length) attribute is visualized in Fig. [1].
Only a subsample (about 5 %) of the dataset could be displayed in this paper,
as the whole set would render into a uncomprehensible black stain. The vertices
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(literals) are represented as coloured circle, the size reflects the literal (i.e. word)
frequency. Edges represent transition states between literals (i.e. the sequence of
2 subsequent words in a sentence/record); edge stroke shows the transition rate
(probability) of the edge. The same holds for all figures showing the transition
graph, only a different visualization approach has been used.

Fig. 2. The DB contains 16 textual attributes that are susceptible for information
retrieval via natural language literal extraction. Number of literals (vertices) and tran-
sitions (edges) in the probabilistic models are shown for each attribute in a left/right
bar respectively. Note the different y-axis scales.

It is clear, that human interpretation and analysis of the textual data is very
fatiguing, therefore any computer aid is highly welcome.

2.1 Graph Explanation

In this paper we describe transition graphs. These are created for each attribute.
An attribute consists of many records in form of a sentence. By sentence we
hereby mean a sequence of literals, not a sentence in a linguistic form. The records
are compressed – unnecessary words (such as verbs is, are) are omitted. In this
paper, only the atribute describint the anesthetics during deliveris visualized, as
it is the simplest one.

Vertices of the transition graph represent the words (separated by spaces) in
the records. For each word (single or multiple occurence) a vertex is created and
its potence (number of occurences is noted). For example, the words mesocaine,
anesthetics, not, mL form a vertex. Note that also words as mesocain, mezokain
and other versions of the wordmesocaine are present. For a number (i.e. sequence
of digits) a special literal NUMBER is used.

Edges are created from single records (sentences entered). For example the
sentence mesocaine 10 mL would add edges from vertex mesocaine to vertex
NUMBER and from vertex NUMBER to the vertex mL (or the edge count is
increased in case it exists). For all records, the count of the edges is also useful.
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Fig. 3. Very nice graph (sub-graph) providing the basic information about the attribute
presented. Note that similar words are clustered (positioned nearby) and the flow of
the most common sentences can be easily traced.

It provides an overview on the inherent structure of the data – the most often
word transitions.

3 Nature Inspired Techniques

Social insects, i. e. ant colonies, show many interesting behavioral aspects, such
as self-organization, chain formation, brood sorting, dynamic and combinatorial
optimization, etc. The coordination of an ant colony is of local nature, composed
mainly of indirect communication through pheromone (also known as stigmergy.

The high number of individuals and the decentralized approach to task coor-
dination in the studied species means that ant colonies show a high degree of
parallelism, self-organization and fault tolerance. In studying these paradigms,
we have high chance to discover inspiration concepts for many successful meta-
heuristics.

3.1 Ant Colony Optimization

Ant Colony Optimization (ACO) [5] is an optimization technique that is in-
spired by the foraging behavior of real ant colonies. Originally, the method was
introduced for the application to discrete and combinatorial problems.

3.2 Ant Colony Methods for Clustering

Several species of ant workers have been reported to form piles of corpses (ceme-
teries) to clean up their nests. This aggregation phenomenon is caused by at-
traction between dead items mediated by the ant workers.

This approach has been modeled in the work of Deneubourg et al. [4] and in
the work of Lumer and Faieta [8] to perform a clustering of data.
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For clustering, the ACO DTree method [3,2] and ACO inspired clustering [8]
variations have been successfully used. A self-organizing map has also been
tested, but performed poorly.

4 Automated Processing

Automated layout of transition graph is very comfortable for an expert, however
the contents of the attribute is so complicated, that a human intervention is
inevitable. Examples of automated layout can be seen in Fig. [4].

The figure Fig. [4] shows a transitional graph where only positioning based on
the word distance from the sentence start is used. Although it migh look correct,
note that the same words are mispositioned in the horizontal axis.

Fig. 4. A fully automated transition graph showing the most important relations in
one textual attribute. No clustering has been used. The layout is based on the word
distance from the start of the sentence. Note the mis-alignment of the similar/same
words. Refer to section [2].

5 Expert Intervention

A human intervention and supervision over the whole project is indiscutable.
Therefore also human (expert) visualization of the transition graph has been
studied.

The vertices in a human-only organization are (usually) organized depending
on the position in the text (distance from the starting point) as the have the
highest potence. Number literal (a wildcard) had the highest potence, as many
quantitative measures are contained in the data (age, medication amount, etc.).
Therefore it has been fixed to the following literal, spreading into the graph via
multiple nodes (i.e. a sequence mesocain 10 mL become two vertices – meso-
cain NUMBER and mL). This allowed to organize the chart visualization in
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Fig. 5. An expert (human) organized transition graph (sub-graph) showing the most
important relations in one textual attribute. Refer to section [2].

more logical manner. Time needed to organize such graph was about 5–10 min-
utes. The problem is that the transition graph contains loops, therefore the
manual organization is not straigthforward.

An aid of a human expert has been used in semi-automated approach (see
Fig. [6] where the automated layout has been corrected by the expert. The
correction time has been about 20–30 seconds only.

6 Parallelization

The ACO DTree algorithm has been parallelized in order to take advantage of
multicore processors. It contains nautrally parallelizable parts, such as popula-
tion evaluation and population improvement (via the PSO method). Experimen-
tal tests have been performed on the 4-core i7-2600 CPU@3.40 GHz (8 cores with
Hyperthreading) processor. Performance tests have been run with varying num-
ber of cores with and without hyperthreading (HT). The number of execution
threads has been increased from 1 to 16.

The CPU utilization (load) scaled up to the number of cores (regardless of
the HT setting) linearly. There has been a drop-down in CPU load when the no.
of threads increased over the number of cores available. The performance for 2
and 4 cores (w/o HT) and 4 and 8 cores (HT) has been similar.
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Fig. 6. A semi-automated (corrected by a human expert) organized transition graph
showing the most important relations in one textual attribute. Refer to section [2].

7 Results and Conclusion

The main advantage of the nature inspired concepts lies in automatic finding
relevant literals and group of literals that can be adopted by the human analysts
and furthermore improved and stated more precisely. The use of induced proba-
bilistic models in such methods increased the speed of loosely structured textual
attributes analysis and allowed the human analysts to develop lexical analysis
grammar more efficiently in comparison to classical methods. The speedup (from
about 5–10 minutes to approx 20–30 seconds) allowed to perform more iterations,
increasing the yield of information from data that would be further processed
in rule discovery process. However, the expert intervention in minor correction
is still inevitable. The results of the work are adopted for rule discovery and are
designed to be used in expert recommendation system.

8 Discussion and Future Work

The future work is to evaluate the DB analyst’s utilization and aid of such graphs
in more accurate way. The graphs serve as a bases for extraction rule proposal.
However the only relevant measure is the time to reorganize the transitional
graphs. The subjective opinion is very expressive and is not coherent. Next, the
semantic meaning of the attributes will be extracted and verified followed by
rule discovery mining.
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Abstract. This contribution deals with a new algorithm – the Self-Organizing 
Migrating Algorithm (SOMA). The SOMA algorithm was used for static opti-
mization of a given chemical reactor with 5 inputs and 5 outputs. SOMA was 
used on this reactor for static optimization because the reactor, which was set 
by an expert, shows poor performance behaviour. Participation consists of 
simulation results, which shows how expertly set reactor behaves. Also set of 
static optimization simulations of given reactor is presented here including re-
sults and conclusions. 

Keywords: SOMA, migration, self-organization, evolutionary algorithms, 
global optimization, non-linear optimization, mixed discrete variables, penalty 
function. 

1   Introduction 

Nowadays, there exist a broad class of algorithms that can be, and are, used for opti-
mization. This special class of algorithms is made up of so-called evolutionary algo-
rithms (EA) similar to genetic algorithms or differential evolution algorithms [1]. 
Both algorithms work with so-called populations that are evolved in “generations” (or 
“Migration Loops” in the case of SOMA [2], [3], [4], [5], [1]), in which only the best-
suited individuals survive. 

This contribution presents a new algorithm, which can be labelled an "evolution-
ary" algorithm - despite the fact that during its activity, no new generations are cre-
ated (in a general sense). Development of this algorithm was inspired by the behav-
iour patterns of groups of wild animals in the wild. It has been termed “the Self-
Organizing Migrating Algorithm” – or SOMA for short (for complete description, 
source codes etc. please see [5]). 

SOMA, and generally speaking any evolutionary algorithm, can be used in regards 
to any optimization problem. Surprisingly, many problems can be defined as optimi-
zation problems, e.g. the optimal trajectory of robot arms; the optimal thickness of 
steel in pressure vessels; the optimal set of parameters for controllers; optimal rela-
tions or fuzzy sets in fuzzy models; and so on. Solutions to such problems are usually 
more or less hard to arrive at, their parameters usually including variables of different 
types, such as real or integer variables. Evolutionary algorithms are quite popular be-
cause they allow the solution of almost any problem in a simplified manner, because 
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they are able to handle optimizing tasks with mixed variables - including the appro-
priate constraints, as and when required. 

This contribution explains SOMA’s use on static optimization of given chemical 
reactor. A large part of the research dealing with wastes of the leather industry, except 
for USDA publications, does not go into particulars about how to cope with chrome 
sludge after dechromation of tanned wastes. As if chrome sludge so formed was 
automatically assumed to be simply used for producing recycled tanning salt. Even 
though the balance of chromium in chrome-tanned wastes and of necessary tanning 
salt is very favorable for recycling in the tanning industry, the actual situation is  
different. 

Although we quite correctly feel and hope that the issue of recycling chromium 
into the tanning industry should be worked on or at least supported by manufacturers 
of chromic chemicals in the first place, we studied both the drawbacks of such recy-
cling and applications in other fields. Part of this research is focused on reactor inside 
which class of mentioned chemical reactions could be done. Main aim of SOMA use 
was for reactor static optimization. 

2   Reactor Description 

Model of the reactor (see Figure 1) inside which can be realized above mentioned re-
actions was given by 5 nonlinear partial differential equations. Expert parameters 
were used for original setting. They comes from experiences obtained during visit in 
laboratory „Resine and Composite for Forest Products“ in Sainte-Foy, Canada. This 
set of parameters consisted of two kind of parameters i.e. parameters of chemical ma-
terials and physical parameters of reactor under consideration. An initial conditions 
(aAP0, aBP0, aP0, TP0, TX0,) used in following simulations. This set of parameters was 
used for initial simulations. Both graphs show that reactor under expert parameters 
produce unsatisfactory behaviour. Reactor production stabilizes itself after 27 Hrs. on 
15 % concentration of output chemical. From that point of view above-mentioned pa-
rameters were regarded like unsatisfactory. Because of these reasons a few static op-
timizations by SOMA algorithm were consequently done.  

 

Fig. 1. Optimized reactor 
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They were done in following steps: 

1. Optimization without restrictions - Fig. 2 a) and b) 
2. Optimization with restrictions applied exactly in given time  
3. Optimization with penalty applied during time interval  
4. Optimization with penalty applied during time interval and sub optimization 

of cooling surface  
 

 

a) mass fraction of a chemical product 
in the output stream 

 

b) Cost value history in SOMA optimi-
zation 

Fig. 2. a) reactor static optimization without penalty and restrictions, b) cost value history in 
SOMA optimization  

The last static optimization is important one. The first three are mentioned here too 
only for complete overview, what optimizations were done by means of SOMA. Each 
of four optimization cases was 10 times repeated. From all 10 simulations was finally 
chosen the best reactor. According to this table a global extreme was found in 13-ti 
dimensional configuration space. Last 13th dimension was cost value of cost function. 
In case of the last optimization (optimization with penalty applied during time interval 
and sub-optimization of cooling surface) searching for global extreme had run in 11th

 

dimensional space because of relations among some parameters. 

3   Optimization without Restrictions 

Main aim of this optimization was focused on parameter reactor optimizing in such 
way that aAP =0.6 was desired. Others parameters like aBP, aBP, TP, TX was not re-
stricted. The total number of simulation done here was 10. He maximum of aAP was 
aAP = 0.5, which can be regarded, like a good result. In all following simulations was 
not reached better result probably thanks to physical and chemical reasons. Despite 
this result a wrong behaviour can be observed on Fig. 2. One of no acceptable behav-
iour shows temperature that is very high (6000 K, -900 K, etc.). Such physical behav-
iour is not acceptable and also not realizable. Explanation of such wild behaviour 
stems from obvious fact that our model does not exactly follow reality. Cost function 
used in this simulation was given by 

(1) 1200)(6.0cos =−= twheretaf Pt
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Optimization was focused of such behaviour searching which should satisfy in time t 
= 1200 second minimal difference between desired value in this time and reactor out-
put response in this time. 

4   Optimization with Restrictions Applied Exactly in Given Time 

In this simulation previous cost function was enlarged for set of operands. Difference 
between them was such that were penalized parameters aAP, aBP, aP, TP, TX. It was ex-
pected that described cost function modification will delete unacceptable tempera-
tures. Despite this fact some unacceptable temperatures were observed there, so this 
kind of optimization was still non-successful. These results were probably caused 
thanks to weak penalization applied only in time τ= 100. Parameters aBP, aBP in are 
multiplied by 100 because of its support in final penalization. Without it parameters 
aBP, aBP would influent final cost function only a little bit because of its range aBP, aBP ∈ [0, 1]. Because this optimization still generated wrong solutions, following simula-
tion was designed. 

5   Optimization with Penalty Applied during Time Interval 

In this simulation was minimized difference (surface) between desired and observed 
reactor response. It was expected from this simulation that high or low temperatures 
would not be observed here. Minimization of it should satisfy this. Parameters aBP, aBP 

in are multiplied by 100 because of the same reasons like in previous step. From re-
sults it is clear that this set of 10 simulations produce more reasonable behaviour than 
in previous cases. However, some error-behaviour is there too. For example a cooling 
medium temperature lower than 0 Co can be observed there. This non-acceptable be-
haviour is probably caused by fact that between model and real reactor there is no 
100% equivalency. Also some simplifications in computer model partly caused it. 

For example physical relations between cooling surface and surface of reactor  
was not taken under consideration, etc. This was solved in the last and successful  
optimization. 

6   Optimization with Penalty Applied during Time Interval and 
Suboptimization of Cooling Surface 

This optimization was focused on optimal parameter searching in such way that some 
of these parameters were related among themselves. These parameters were mA, mB, 
mP, m a S. Relation between mA, mB, a mP was given by 

(2)  

This equation simply says that output is equal to sums of inputs. Next relation was be-
tween m a S (cooling only in the wall of reactor and on its bottom) and was described 
like 

BAP mmm +=



 Investigation on Evolutionary Control and Optimization of Chemical Reactor 473 

(3)  

(4) 

 
A simple presumption that "r" is equal to height "h" was done for simplification. Thus 
only "r" instead of "S" and "m" was used. Graphs based on 10 times repeated static 
optimizations are depicted on Fig. 6 a-d). There is visible that the best reactor produce 
not only reasonable behaviour (temperatures TP ≈ 380 K a TX≈ 340 K) but also output 
chemical product aP = 0.5 i.e. 50%, which represents quality increase for 35% (aPopti-

mal= aPoptimized - aPexpert = 0.5 - 0.15 = 0.35). Fact that this behavior is stabilized after 8-
10 minutes (in comparison with 27 Hrs (!!!) in case of expertly set reactor). 

7   Conclusion 

The methods of optimization mentioned here (detail at [5]) are relatively simple, easy 
to implement and easy to use. Despite that, it is capable of optimizing all integer, dis-
crete and continuous variables and capable of handling non-linear objective functions 
with multiple non-trivial constraints. 

A soft-constraint (penalty) approach is applied for the handling of constraint func-
tions. Some optimization methods require a feasible initial solution as a starting point 
for a search. Preferably, this solution should be rather close to a global optimum to 
ensure convergence to it instead of a local optimum. If non-trivial constraints are im-
posed, it may be difficult or impossible to provide a feasible initial solution. The effi-
ciency, effectiveness and robustness of many methods are often highly dependent on 
the quality of the starting point. The combination of the SOMA algorithm with the 
soft-constraint approach does not require any initial solution, but it can still take ad-
vantage of a high quality initial solution if one is available. 

For example, this initial solution can be used for initialization of the population in 
order to establish an initial population that is biased towards a feasible region of the 
search space. If there are no feasible solutions in the search space, as is the case for 
totally conflicting constraints, SOMA algorithm with the soft-constraint approach are 
still able to find the nearest feasible solution. This is important in practical engineer-
ing optimization because often, many non-trivial constraints are involved. The  
approach described above was targeted to fill the gap in the field of mixed discrete-
integer-continuous optimization, where no one single really satisfactory method  
appeared to be available. Despite being in its infancy, the described approach has 
great potential to become a widely used, multipurpose optimization tool for solving a 
broad range of practical engineering optimization problems. 

These algorithms are undoubtedly one of the most promising and novel methods 
for non-linear optimization that can be applied generally, and they work with mini-
mum assumptions with respect to the objective function. 

The algorithm requires only the value of objective function for guidance of it’s 
seeking the optimum. No derivatives or other auxiliary information are desired. In-
cluding the algorithm extensions discussed in this article, the SOMA algorithms can 

222 rrS ππ +=

33 1100 −== kgmwhererm ςςπ
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be applied to a wide range of optimization problems, which practitioners in the field 
of modern prediction would like to solve. 

In the past, SOMA had been successfully used on hard optimization problems with 
good results (see [5]) During these tests, 9500 optimization simulations were carried 
out, which represent approximately 22x106 cost function evaluations. The quality of 
the results, and the fact that the conclusions derived from them could be proven to be 
true, have demonstrated that SOMA has the capability of finding optimal near-
optimal solution with a very high reliability. 

We have also mentioned the possibility of chemical reactor optimization by SOMA 
algorithm. Inside this reactor can be realized certain class of chemical reactions like 
enzymatic dechromation technology, etc. The advantage of the enzymatic reaction is 
the production of protein hydrolyzates of relatively good quality and chrome sludge. 
Using organic bases to form alkaline reaction mixture increases the quality of both is 
products. A partial regeneration of organic base when diluted protein hydrolyzates 
undergo concentration cuts the operating costs of enzymatic hydrolysis. In commer-
cial application, the greatest volume of protein hydrolyzate is channeled into agricul-
ture. Hydrolyzate, as an organic nitrogenous fertilizer, not only equals the combined 
ureaammonium nitrate fertilizer in crop yield, but also surpasses it manifolds in the 
foodstuff value of consumer's greens. The content of nitrates is as much as 200 times 
lower on average. Hydrolyzate is also used in the manufacture of biodegradable foil, 
especially for producing sowing tape.  The main obstacle for the utilization of the 
chrome sludge is a relatively high content of proteins in the dry substance of cake. In 
closing, it may be said that enzymatic hydrolysis has a place in the treatment of chro-
mium containing tannery waste and the funds expended on this field of research have 
brought satisfactory results. 
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Abstract. In this paper, it is proposed the utilization of chaotic dissipative map 
based chaos number generator to enhance the performance of PSO algorithm. 
This paper presents results of using chaos enhanced PSO algorithm to design a 
PID controller for DC motor system. Results are compared with other heuristic 
and non-heuristic methods. 

1   Introduction 

Complex problems of optimization tasks emerged with the spread of computer tech-
nology which made possible solving many previously unsolvable problems using 
their enormous computing power in “brutal force attacks” (trying all possibilities) on 
these tasks.  However it became soon clear that some problems will probably be un-
solvable by “brutal force” even in distant future because of their enormous complexi-
ty and physical limitations of computer technology. 

Genetic based algorithms [1-5] were discovered capable of finding very good solu-
tions for these problems in a short time. Main thought is divided from the discoveries 
of Charles Darwin about evolution of species. New generation of individuals 
(representing possible solutions of the problem) is created via transforming the old 
population following a set of rules. This set of transformation rules is unique for each 
algorithm. 

More recently the soft-computing methods which include neural networks, evolu-
tionary algorithms, genetic programming and fuzzy logic extended their applications 
in almost every computer-science and engineering discipline. 

Good examples of soft-computing possibilities are recent studies of using these 
methods for designing PID controllers [6], which represents very complex optimiza-
tion task that can be solved by non-heuristic methods only with limitations. A recent 
study [7] suggests that using chaos based number generators instead of common com-
puter random number generators can lead to increasing of the performance of evolu-
tionary algorithms in the task of PID controller design. 
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This research presents using of Dissipative standard map as discrete chaotic system 
for the chaotic number generator and implementation of this chaotic generator into 
PSO algorithm, which is modified by using the inertia weight factor w [8]. This en-
hanced PSO algorithm is applied on the PID controller design problem. 

The main idea and motivation for combining evolutionary algorithms and determi-
nistic chaos system is that both these are originally inspired in nature. So for nature- 
based algorithm such as PSO it should be much more natural to use chaos number  
generator such as the dissipative standard map. And the hope is that it might improve 
the performance of PSO algorithm. 

2   Particle Swarm Optimization Algorithm 

PSO (Particle swarm optimization) algorithm is based on the natural behavior of birds 
and fishes and was firstly introduced by R. Eberhart and J. Kennedy in 1995 [1,2]. As 
an alternative to genetic algorithms [4] and differential evolution [5], PSO proved it-
self to be able to find better solutions for many optimization problems. Term “swarm 
intelligence” [2,3] refers to the capability of particle swarms to exhibit surprising in-
telligent behavior assuming that some form of communication (even very primitive) 
can occur among the swarm particles (individuals). 

Basic PSO algorithm disadvantage is the rapid acceleration of particles which 
causes abandoning the defined area of interest. In each generation, a new location of a 
particle is calculated based on its previous location and velocity (or “velocity vec-
tor”). For this reason, several modifications of PSO were introduced to handle with 
this problem. Main principles of PSO algorithm and its modifications are well de-
scribed in [1-3]. 

Within this research, chaos driven PSO strategy with inertia weight was used. The 
selection of inertia weight modification of PSO was based on numerous previous ex-
periments. Default values of all PSO parameters were chosen according to the rec-
ommendations given in [2,3]. Inertia weight is designed to influence the velocity of 
each particle differently over the time [8]. In the beginning of the optimization 
process, the influence of inertia weight factor w is minimal. As the optimization con-
tinues, the value of w is decreasing, thus the velocity of each particle is decreasing, 
since w is always the number < 1 and it multiplies previous velocity of particle in the 
process of new velocity value calculation. Inertia weight modification PSO strategy 
has two control parameters wstart and wend. New w for each generation is then given  
by Eq. 1, where i stand for current generation number and n for total number of  
generations. 
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Chaos driven number generator is used in the main PSO definition (Eq. 2) which de-
termines a new “velocity”, thus the position of each particle in the next generation (or 
migration cycle). 
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Where: 

v(t+1) – New velocity of particle. 
v(t) – Current velocity of particle. 
c1,c2 – Priority factors. 
pBest – Best solution found by particle. 
gBest – Best solution found in population. 
x(t) – Current position of particle. 
Rand – Random number, from the interval <0,1>. Within Chaos PSO algorithm, 

the basic inbuilt computer (simulation software) random generator is replaced with 
chaotic generator (in this case, by using of Dissipative standard map). 

New position of a particle is then given by Eq. 3, where x(t+1) represents the new 
position: 

 )1()()1( ++=+ tvtxtx  (3) 

3   Dissipative Standard Map 

The Dissipative Standard map is a two-dimensional chaotic map. The parameters used 
in this work are b = 0.1 and k = 8.8. For these values, the system exhibits typical cha-
otic behaviour and with this parameter setting it is used in the most research papers 
and other literature sources [9]. The Dissipative standard map is given in Fig. 1. The 
map equations are given in Eq. 4 and 5. 

)2(mod11 π++ += nnn YXX                                                (4) 

)2(modsin1 πnnn XkbYY +=+                                            (5) 

 

Fig. 1. Dissipative standard map 



478 M. Pluhacek et al. 

4   Problem Design 

This section contains the description of the PID controller, used model of DC motor 
as well as the overview of the most important results. 

4.1   PID Controller and DC Motor System 

The PID controller contains three unique parts; proportional, integral and derivative 
controller [10]. A simplified form in Laplace domain is given in Eq 6. 
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Where K is controller gain, Ti is the adjustable integral time parameter, TD is the rate 
time. 

The PID form most suitable for analytical calculations is given in Eq 7. 
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The parameters are related to the standard form through: kp = K, ki = K/Ti and kd = 
KTd. Estimation of the combination of these three parameters that gives the lowest 
value of the four test criterions was the objective of this research. 

The test criterion measures properties of output transfer function and can indicate 
quality of regulation. Following four different integral criterions were used for the test 
and comparison purposes: IAE (Integral Absolute Error), ITAE (Integral Time 
Absolute Error), ISE (Integral Square Error) and MSE (Mean Square Error). For fur-
ther details see [6,7]. These test criterions were minimized within the cost functions 
for the enhanced PSO algorithm. 

The transfer function of used DC motor is given by Eq. 8. [6,7] 
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4.2   Cost Function 

Test criterion measures properties of output transfer function and can indicate quality 
of regulation. Following four different integral criterions were used for the test and 
comparison purposes: IAE (Integral Absolute Error), ITAE (Integral Time Absolute 
Error), ISE (Integral Square Error) and MSE (Mean Square Error). These test crite-
rions (given by Eq. 9–12) were minimized within the cost functions for the enhanced 
PSO algorithm. 

 
Integral of Time multiplied by Absolute Error (ITAE) 

I ITAE = t e t( ) dt
0

T


                                                          

(9)
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Integral of Absolute Magnitude of the Error (IAE) 

I IAE = e t( ) dt
0

T


                                                       

(10)

 

Integral of the Square of the Error (ISE) 

I ISE = e2 t( )dt
0

T


                                                        

(11)

 

Mean of the Square of the Error (MSE) 

IMSE =
1

n
e t( )( )2

i=1

n


                                                  

(12)

 

5   Results 

The experiments were focused on the optimization of the four different specification 
functions as given in Section 4.1. The best results of the optimization with corres-
ponding values of kp, ki and kd together with selected response profile parameters are 
presented in Table 1. 

When tuning a PID controller, generally the aim is to match some preconceived 
‘ideal’ response profile for the closed loop system. The following response profiles 
are typical [11]: 

 
Overshoot: this is the magnitude by which the controlled ‘variable swings’ past the 
setpoint. 5-10% overshoot is normally acceptable for most loops. 
 
Rise time: the time it takes for the process output to achieve the new desired value. 
One- third the dominant process time constant would be typical. 
 
Settling time: the time it takes for the process output to die to between, say +/- 5% of 
setpoint. 
 
From the statistical reasons, optimization for each criterion was repeated 30 times. 
Results of the simple statistical comparison for the optimizations by means of chaos 
driven PSO algorithm are given in tables 2 and 3. 

Furthermore obtained results are compared with previously published result [6] 
given by other heuristic and non-heuristic methods (See table 4). 

Optimized system responses are depicted in figures. 2 – 5. 
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Table 1. The best results for DC motor system 

Criterion CF Kp Ki Kd Overshoot Rise Time Settling 
time 

IAE 0.223055 241.917000 2.557960 58.577400 0.215717 0.010100 0.023300 

ITAE 0.008617 297.775000 0.252631 71.815200 0.257957 0.008700 0.030800 

ISE 0.018387 144.622000 28.458700 64.141000 0.223852 0.009500 0.032400 

MSE 0.000919 147.209000 29.574200 64.035400 0.223748 0.009500 0.032400 

Table 2. Average response profiles for DC motor system 

Criterion Avg overshoot Avg rise time Avg settling time 

IAE 0.223677 0.009847 0.027067 

ITAE 0.225357 0.010020 0.028427 

ISE 0.224081 0.009507 0.032347 

MSE 0.223918 0.009520 0.032360 

Table 3. Statistical overview of the cost function (criterion) values for DC motor system 

Criterion Max CF Min CF Avg CF Median 

IAE 0.275357 0.223055 0.243871 0.239859 

ITAE 0.040698 0.008617 0.020648 0.019312 

ISE 0.018448 0.018387 0.018405 0.018399 

MSE 0.000924 0.000919 0.000921 0.000920 

Table 4. Comparison of other methods and proposed enhanced PSO 

Criterion 

Z-N 

(step response) Kappa-Tau 
Continuous 
cycling EP GA PSO 

Chaos 

PSO  

IAE 0.517600 0.518800 0.560000 0.489100 0.771200 0.916100 0.223055 

ITAE 3.380500 3.311300 7.820000 0.072100 0.378100 0.022900 0.008617 

ISE 2.346700 2.250300 3.200000 1.027700 1.043500 1.001600 0.018387 

MSE 0.011700 0.077778 0.016000 0.005100 0.005200 0.005000 0.000919 
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Fig. 2. System response for IAE  

 

Fig. 3. System response for ITAE 

 

Fig. 4. System response for ISE  
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Fig. 5. System response for MSE 

6   Brief Analyses of the Results 

From Table 4, it follows that all heuristic methods has given better results than non-
heuristic methods (e.g. Ziegler-Nichols and Continuous cycling) for the most of test 
criterions (exception was the IAE criterion). Proposed enhanced PSO with chaos 
based number generator has given better results for all test criterions than any other 
heuristic or non-heuristic method compared within this paper. Obtained control para-
meters (see Table 1) were used to obtain system responses (Figures. 2 - 5) which were 
afterwards analyzed for detailed response profiles: overshot, rise time and settling 
time (see Tables 1 and 2). 

Given the presented data the PSO algorithm driven by dissipative standard chaos 
map seems to be a valid tool for PID controller design for such systems as the DC 
motor system presented in this paper. It also seems so, that this proposed modification 
outperformed previously presented stochastic methods on this task. However more re-
search and further analyses are still needed to determine the impact of using chaos 
number generator on the inner dynamic of PSO algorithm. 

7   Conclusion 

In this paper chaos driven PSO were used to find optimal settings for PID controller 
for DC motor system. From the presented data, it follows that implementation of 
chaotic dissipative standard map as a random number generator into PSO algorithm 
led to improving its performance over other heuristic or non-heuristic methods for 
solving the PID controller design for DC motor. Further research will be focused on 
the possibilities of the development and improvement of the enhanced chaos driven 
PSO algorithm to achieve better results and explore more possible applications for 
this promising method. 
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Abstract. This paper presents results of the finding of the author’s profiles using
formal concepts generated from DBLP database. Our main aim was to evaluate
the use of formal concept analysis as a method for extracting the author’s profiles.
There are several commonly used methods for clustering and for finding experts
in a large database. These methods are mainly based on different kinds of cluster-
ing and metrics which are sometimes difficult to understand. Finding experts for
particular and mainly special areas of research is not an easy task. Formal concept
analysis (FCA) is a method with a very strong mathematical background, which
makes it easy to understand. Properties of FCA can give us a very strong tool for
finding author’s profiles.

Keywords: DBLP, author profile, formal concept analysis, concept stability.

1 Introduction

Digital Bibliography & Library Project (DBLP) is one of the most known collections of
electronic resources which can be accessed over the Internet. This project was founded
in 1993 and contains, among other things, more than 1,800,000 papers. These papers
come from computer science and were published in different journals and conference
proceedings. Although DBLP is primarily used for finding publication in the library,
this fast increasing database is often used by researchers as a good dataset for data
mining tasks, such as finding experts, recommendation systems, social networks algo-
rithms, etc. However, the DBLP contains only a limited amount of information about
particular papers - there are no abstracts or index terms stored in it. On the other hand,
DBLP provides a lot of information about the publication activity of authors, confer-
ences and author relationships. There was a lot of research done to find experts, extract
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their working areas, analyse communities in the social network based on DBLP and
much more.

In this paper we have processed the DBLP in order to extract the author’s profiles
based on keywords used in their papers. The author’s profiles can help us to find groups
of keywords that were often and repeatedly used by authors in their titles of papers. The
main expected result of our work is to find author’s profiles. These profiles can be used
for identification of experts for particular area of research.

This paper is organized as follows: Section 2 contains an overview of related work.
Section 3 explains the methods used for data evaluation. Section 4 is focused on the
finding of author’s profiles. Last section 5 concludes the paper.

2 Related Work

Growing databases of documents, research papers and other document-oriented
databases, during the last thirty years bring new challenges to the researchers. Many
methods have been introduced that were focused on the fast searching, grouping and
finding similar documents. In the following paragraphs we will review some of the
most related approaches.

In [13] we can find an efficient algorithm for topic ranking. The authors show a
method for the extraction of keyword sets and cluster of research papers using these
keyword sets. The evolution of topics over time and their ranking is studied. Paper
[4] covers the bibliometrics perspective. It investigates the frequency and impact of
conference publications in computer science and compares it to journal papers. The
author uses statistical methods for analysing DBLP. Paper [15] introduces alternative
measures for ranking venues. They create new bibliometrics that can be used in ranking
publication venues. These bibliometrics are easy to implement and bring more accuracy
to the evaluation of venues. An application based on stability (a measure from formal
concept analysis which is discussed later) can be found in [9]. In this paper the stability
is used for pruning conceptual lattice which was constructed from the ECSC dataset.
Analysis of the DBLP publication and their classification by using Concept lattices
can be found in [1]. This paper shows how concept lattice can cover relational and
contextual information of analysed papers.

Our approach is inspired by the previous research, but we have tried to address sev-
eral issues in a different way. In this paper we try to search keywords that are used
by authors periodically and frequently. This set of keywords is included in the intent
of concepts. Because the set of concepts is greater than number of keywords, we have
used the approach based on concept stability. This is the main difference of our ap-
proach and previously mentioned related work. In the next section we summarize used
tools and techniques.

3 Applied Methods and Data Collection

This section provides some basic notions and techniques applied in our experiments.
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3.1 Formal Concept Analysis

In our paper we use Formal concept analysis as a technique for unsupervised clustering.
This method helped us to find non-trivial clusters of authors and their keywords. In the
next paragraph we briefly describe Formal concept analysis.

Formal concept analysis (FCA) is a general data analysis method based on the lattice
theory. FCA was introduced in 1982 by Wille [14]. The basic algorithms for concept
lattice computation were published by Ganter in 1984 [5]. More recent publications of
these founders can be found in ([6], [7], [8]). Carpineto and Romano summarized in
([2], [3]), both the mathematical and computer scientist’s (with a focus on information
retrieval) perspective of the FCA. A good overview of the recent state was written also
by Priss in [11].

The input data for FCA is called formal context C, which can be described as C =
(G,M, I) - a triplet consisting of a set of objects G and set of attributes M, with I as
relation of G and M. The elements of G are defined as objects and the elements of M as
attributes of the context.

As an example of using FCA we have selected five authors a1,..., a5 and five key-
words that were often used by these authors in the title of their papers. These keywords
are "database - k1", "algorithm - k2", "distributed - k3", "data mining - k4" and "analysis
- k5". The relation between author and keyword is shown as a cross in the Table 1.

Table 1. Formal context

database k1 algorithm k2 distributed k3 data mining k4 analysis k5

author a1 × × × ×
author a2 × × ×
author a3 × ×
author a4 × × ×
author a5 × ×

Density of the formal context (G,M, I) is defined as proportion of elements of I with
respect to the size of GM. The density calculated for the context depicted in the Table
1 is 56%.

For a set A ⊆ G of objects we define A↑ as the set of attributes, common to the
objects in A. Correspondingly, for a set B ⊆ M of attributes we define B↓ as the set of
objects which have all attributes in B. A formal concept of the context (G,M, I) is a
pair (A,B) with A ⊆ G, B ⊆ M, A↑ = B and B↓ = A. The set A is called extent of a
concept, while the set B is called intent of a concept. B(G,M, I) denotes the set of all
concepts of context (G,M, I) and forms a complete lattice (so-called Galois lattice). For
more details see ([7], [8]). All concepts from our example are shown in the Table 2. The
figure 1 depicts concept lattice of our example.

For selection of interesting concepts we have used a method based on concept sta-
bility that is described in the next section.
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Table 2. Formal concepts extracted from context in Table 1

concept extent intent

c(0) {a1, a2, a3, a4, a5} {}
c(1) {a2, a4, a5} {k4}
c(2) {a1, a2, a5} {k2}
c(3) {a2, a5}, {k2, k4}
c(4) {a1, a2, a3, a4} {k1}
c(5) {a1, a4} {k1, k5}
c(6) {a2, a4} {k1, k4}
c(7) {a4} {k1, k4, k5}
c(8) {a1, a3} {k1, k3}
c(9) {a1, a2 } {k1, k2}
c(10) {a2} {k1, k2, k4}
c(11) {a1} {k1, k2, k3, k5}
c(12) {} {k1, k2, k3, k4, k5}

3.2 Concept Stability

The main problem of using FCA as a clustering method is that we often obtain very
large and complicated structure, which is hard to understand and interpret. Technically
speaking, we can get a large number of concepts even for a relatively small context.
There are several methods which can be used to select only some part of concepts.
We have used the so-called concept stability to filter only the interesting ones. As an
interesting concept we considered a concept which is, up to a certain degree, resistant to
the change of a particular object (removing particular object does not cause the change
of the intent).

Stability of a concept (introduced by Kuznetsov in [9]) expresses the dependency
between the intent and extent of the concept. Following the notions from [10], for a
particular concept (A,B) of a concept lattice B(G,M, I), the stability is defined as:

σ(A,B) =
|{C ⊆ A|C↑ = B}|

2|A|
(1)

Higher stability causes higher immunity of concept to changes in particular objects. An
efficient way to compute the stability of all concepts (using a bottom-up lattice traversal)
is described in [12].

As a continuation of our example we can compute stability of concept C(8) by using
Equation (1) as:

σ({a1,a3},{k1,k3}) =
2
22 =

1
2

(2)

3.3 Pre-processing of Data Collection

On December 12, 2011, we downloaded the DBLP dataset in XML1 and pre-processed
it for further usage. First of all, we selected journal volumes and conferences held by

1 Available from http://dblp.uni-trier.de/xml/

http://dblp.uni-trier.de/xml/
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Fig. 1. Concept lattice created from concepts in the Table 2

IEEE, ACM and Springer. For every record we identified the month and year of the
publication. In the next step, we extracted all authors having at least one published
paper (11,355 authors) in a selected period. Then, we extracted keywords and phrases
from paper titles. The approach was based on Faceted DBLP set2; 1,134 keywords and
phrases we used in total.

For our paper we have selected a time period up to the year 2010 to get the most
complete dataset. Then, we divided the entire recorded publication period of confer-
ences into one-month time periods. If during one month an author has published a
paper then we set keyword records, corresponding to the paper title. For each author
we obtained a list of months with occurred keywords. To reduce the number of authors
we have used secondary filtering based on occurrences of keywords during the selected
period. From a set of 11,355 authors, we have selected only authors with more than 2
keywords in theirs papers (1,735). Figure 2 display histogram of number of keywords
in author’s papers.

For the following evaluation we constructed binary formal context. The rows of con-
text represent authors of papers and columns correspond to the keywords used in par-
ticular paper in DBLP. The value of an intersection between row and column contain
value “1” when author used keyword or “0” otherwise.

4 Searching for Author’s Profiles

This section describes our method for searching author’s profiles.
Author’s profile by meaning is used in this paper as a set of characteristic keywords.

These keywords were used often and repeatedly by an author in his papers during an
observed period. Groups of authors with the same profile, can be seen as a group of
experts in the particular research area, covered by profile keywords.

2 http://dblp.l3s.de/browse.php?browse=mostPopularKeywords

http://dblp.l3s.de/browse.php?browse=mostPopularKeywords
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Fig. 2. Histogram of keywords used by authors in their papers

4.1 Basic Properties Data Collection

In order to create formal contexts from the described data collection, we have got a
context containing 1,735 rows (authors) and 525 columns (keywords). The density of
the context was about 5%. A small example of selected keywords are a set of “analy-
sis, algorithms, applications, coding, testing, modeling, attacks, aggregation, logic, rdf,
energy”.

In the next section FCA is used as a main method for clustering and finding authors’
profiles.

4.2 Finding Profiles of Authors by FCA

FCA gave us a tool for finding profiles of authors, based on the keywords they use
in papers. For the context created in the previous step we have computed a concept
lattice. We are interested in nontrivial concepts where author’s profiles are the intents
of these interesting concepts. In order to decide which concepts are interesting for us,
we used the concept stability method, described in the section 3.2. This method helped
us reduce the size of concept lattice and intent of concepts are more confident as the
author’s profile. For finding the right level of stability threshold, we have computed a
number of concepts that satisfied the level of stability see figure 3.

Choosing the value of stability threshold has been done according to the basic mean-
ing of stability (see section 3.2). Stability 0.5 gives us information that there exists one
half subsets of all possible subsets of authors in the concept that has special property.
Removing subset authors from concept extent (set of authors) does not cause a change
in the intent (set of keywords) of concept. Higher value of concept stability makes con-
cept more confident. We have used concept stability for pruning concept lattices. After
applying pruning lattice by concept stability we obtained a relative small number of
concepts which can be easily explored.
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Fig. 3. Number of formal concepts reduced by different level of stability

Fig. 4. Proportion of number of keywords for different level of stability

Figure 4 illustrates the proportion of number of keywords in the intent of computed
concepts in dependence on different level of stability. According to the selected level of
stability 0.5, the most interesting concepts for creating author’s profiles were concepts
with more than one attribute. Author’s profiles are concepts that contain particular key-
words in their intents.

As an example we have selected concepts having the keyword “factorization” in its
intent, see Table 3.

This table depicts five concepts and theirs intents create the author’s profiles. We
can identify five sets of authors in the extent of these concepts who are experts in this
particular area of research. In our example we have identified four authors and each of
them have in his author’s profile keyword “factorization” which is more confident than
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Table 3. Formal concepts with keyword “factorization” in their intents

id stability extent intent

c(1) 0.625 Tao Li, Amir Shpilka, Jan
Platos, Ilya Volkovich

factorization

c(2) 0.5 Amir Shpilka, Ilya
Volkovich

factorization, testing

c(3) 0.5 Jan Platos factorization, data minning, genetic algorithm
c(4) 0.5 Amir Shpilka factorization, boolean functions, coding, finite

fields, testing
c(5) 0.5 Tao Li factorization, adaptation, algorithms, analy-

sis, applications, clustering, detection, neural
networks

Table 4. Author’s profiles for particular area of research

author keywords

Amir Sphilka factorization (0.625), boolean functions (0.5), coding (0.5), finite fields
(0.5), testing (0.5)

Ilya Volkovich factorization (0.625), testing (0.5)
Jan Platos factorization (0.625), data minning (0.5), genetic algorithm (0.5)
Tao Li factorization (0.625), adaptation (0.5), algorithms (0.5), analysis (0.5),

applications (0.5), clustering (0.5), detection (0.5), neural networks (0.5)

Fig. 5. Hierarchy of keywords connected with keyword “factorization”

other keywords. This has to be done by meaning of concept stability (0.625 > 0.5) see
Table 4. On similar bases we can extend author’s profile of each author by the other
keywords from the set of concepts.
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In the figure 5 we can see hierarchical view on the set of concepts. The numbers next
to the keywords give us information of occurrences these keywords have in concepts.
This hierarchical structure is connected to the underlying conceptual lattice what was
pruned by concept stability.

This example of author’s profiles is just a small part of the whole process for creat-
ing author’s profiles. For creating a full author profile we intersect all keywords in all
particular author’s profiles. As a result we will get all keywords usually and often used
by an author in his papers.

5 Conclusion and Future Work

In this paper, we have introduced an approach for finding interesting author’s profiles,
based on keywords used in titles of papers in the DBLP database. Using of FCA together
with stability of concepts helped us to find these profiles. The used method gave us a
very interesting hierarchical view of the keywords as the author’s profile. In our future
work we plan to take a closer look at the evolution of author’s profiles during the time
and the cooperation of authors based on their profiles.
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Abstract. We introduce a new algorithm for the identification of Non
Stationary Social Networks called Dynamic Tabu Search for Social Net-
works DTS-SN, that can analyze Social Networks by mapping them into
a graph solving a Graph Coloring Problem (GCP). To map the Social
Network into an unweighted undirected graph, to identify the users of
the Social Networks, we construct a graph using the features that com-
pound the Social Networks with a threshold that indicates if a pair of
users have a relationship between them or not. We also take into account
the dynamic behavior of the non stationary Social Network, where the
relations between users change along time, adapting our algorithm in
real time to the new structure of the Social Network.

Keywords: non stationary Social Networks, Dynamic Tabu Search, Graph
Coloring.

1 Introduction

The Social Networks is a new phenomena that is grown very fast. Sometimes is
necessary to control the social network by identifying users assigning them cate-
gories for different purposes. To make such categorization it is necessary to map
the social network into a mathematical structure. The anthropologists have de-
termined that a social network can be represented as a graph [1], using the graph
theory to perform a clustering process to identify the actual social network. The
use of Soft Computing to solve real life problems have been previously studied,
like in building thermal insulation failures detection [2] or in identification of
typical meteorological days [3].

The straightforward approach to model a social network as a graph is mapping
it into a weighted graph, because the relation between users can depend on
different factors that have different relevance. Opsahl [4] represent the social
network as a graph, the vertices are users and the edges are the relationship
between users, assigning different weight to the elements that link two users. For
example, we can have two features linking people, the city and the friendship,

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 495–503.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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if two people live in the same city they are related by this feature, but if two
people live in different cities but are friends they also have a relation between
them. We must assign weights to these relation to establish the weight of the
edge between them in the graph representation.

The problem is to built a graph where all the relations between two users
are represented with the proper weight. Zhao and Zang [5] introduce a new
clustering method where the relationship between vertices are represented by an
undirected and unweighted graph. They use hierarchical trees to establish an
unweighted relation between users.

If we have a hierarchical relation between users we can apply specific method
for clustering the users. Qiao [6] develop a Hierarchical Cluster Algorithm called
HCUBE based on block modeling that can cluster Social Networks with difficult
relations between users.

Another approach can be seen in Firat’s [7]. In this work, we can see a new
way of modeling the Social Network as a graph using a random-walk-based
distance measure to find subgroups in the Social Network. Then, using a Genetic
Algorithm, the authors make the group achieving a good result.

The application of clustering over a Social Network can be seen in Pekec’s
work [8]. In this work a role assignment is made for clustering the Social Network.
The idea is not grouping users by their relationship, but their role in the Social
Network. Lewis [9] studied the graph coloring problem, and used Social Network
graphs to test various algorithms. The result is that the graph coloring can
cluster these kind of Social Networks.

To identify a Social Network we can model it as a weighted or unweighted
graphs. Applying a graph coloring algorithm we can solve the problem. However,
a Social Network is a non stationary dynamic system so we need a dynamic ap-
proach to work with Social Networks. Dynamic Coloring of graph techniques
appearing in the literature refer to a special type of graphs [10], not to be con-
fused with the coloring of graphs whose structure of edges change along time.

The Graph Coloring Problem (GCP) is a classical NP-hard problem which has
been widely studied [11,12,13,14,15]. There are a lot of algorithms dealing with
it like Brelaz, Dutton or Corneil’s [16,17,18], some of them using Ant Colony
Optimization (ACO) [19] and Particle Swarm Optimization (PSO) [20]. The
GCP consist in assigning a color to the vertices of a graph with the limitation
that any pair of vertices linked by an edge cannot have the same color. This PSO
approach have been used in other Soft Computing problem as appears in [21].

We present a new way of modeling a social Network as a Graph and a method
based in the Tabu Search approach that works over a dynamically changing
graph. The modeling allows to change the graph dynamically along time. The
DTS-SN can return a clustering in every moment that correspond with the graph
structure in that moment.

We map the social networks as undirected and unweighted graphs, in which
the relation between vertices is defined as follows. We assign weights to differ-
ent features of the relations between vertices. Then we are going to establish a
threshold. If the relationship between two vertices has a weight greater than the
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threshold, then there is an edge between vertices. Therefore, we have a graph
with edges establishing a relationship between vertices. Algorithms solving the
GCP try to find collections of unconnected vertices, which is a dual problem of
the vertex clustering problem, so we have to transform the social relation graph
into its complementary graph. The complement (aka inverse) of a graph G is a
graph H defined on the same vertices such that two vertices of H are adjacent if
and only if they are not adjacent in G. Let G = (V, E) be a simple graph and let
K consist of all 2-element subsets of V . Then H = (V, K \ E) is the complement
of G.

On this graphs we are going to use a Tabu Search algorithm for graph coloring
[22,23] which tries to find the minimum number of clusters for the network in
a sequential and dynamic way. We use Tabu Search because it keeps a trace
of the space visited by the algorithm and we can modify this trace when the
relation graph change. As the solution can be in the visited space, without this
trace we would need to revisit all the search space again. First, the algorithm
is sequential, because we need to start assuming a big number of clusters, as
far as we don’t know the exact number of clusters . We reduce the number of
clusters by one after each successful execution of the Tabu Search algorithm
until we can solve the problem with that number of clusters in a given time or
we reach to a given number of classes. Second, we introduce a variation into the
Tabu Search algorithm that allows the relationship between vertices change. For
that, we are going to remap the graph after each step of the algorithm. Then we
are going to modify the Tabu tenure changing the Tabu value of any changing
vertex relation with an unknown value. For that we need a special Tabu Search
algorithm that can have unknown values in the Tabu tenure and also can have
solutions repeated in the list.

The rest of the paper is organized as follow: section 2 presents our Dynamic
Tabu Search Algorithm and the way we model the Social Network as a Graph.
In Section 3 we show experimental results with random generated graphs that
simulates a General Social Network, with a static behavior and also with a
dynamic behavior. Finally, section 4 gives some conclusions and lines for future
work.

2 Dynamic Tabu Search algorithm

In this section we are going to explain how we map a Social Network into a
Graph. To apply our Dynamic Tabu Search (DTS-SN) algorithm for Social Net-
works we cluster the Social Network into the smallest number of user groups
with the restriction of a given computational time. The aim of this algorithm is
not to find the chromatic number , but to find a quick clustering of a dynamically
changing network.

Let us have a Social Network called SN with I users and F features that
establish a relation between users. SN = {I | F }. Let have a threshold U that
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is an scalar and represent the weight that must sum the features of a relationship
between node to draw an edge between two users. We built a new graph G which
have V vertex been V = I and E edges such that

if
∑

F

F (va, vb) > U then ∃e(va, vb) , e ∈ E, else not∃e(va, vb) (1)

Where e(va, vb) is an edge between the vertex va and vb. That way we have
a graph G = (V, E) that maps the Social Network SN . As SN can change
dynamically, the graph G is also a Dynamic Graph so we need to recalculated
E each time the SN change so we have a graph Gt = (V, Et) and the rule 1 is
now depending of the time.

∃et0(va, vb) if
∑

F

Ft0 (va, vb) > U (2)

If
∑

F

Ft(va, vb) > U and
∑

Ft+1(va, vb) > U then ∃et+1(va, vb) , et+1 ∈ E (3)

If
∑

F

Ft(va, vb) > U and
∑

Ft+1(va, vb) ≤ U then not∃et+1(va, vb) (4)

We have to transform the Graph G or Gt into it’s complementary graph G or
Gt. To follow a standard notation we call graph G graph G, and graph Gt graph
Gt, but without forgetting that this graph is the complementary of the social
relation graph.

We have developed a Tabu Search algorithm [24,22,23], and we are going to
use it to solve the GCP. This algorithm works sequentially to reduce the number
of colors used to solve the problem. The algorithm stops if it can’t find a valid
coloring after a given computational time has elapsed. In the Tabu tenure we
keep a list of proper and improper solutions of the GCP. An improper solution is
a solution in which not all the vertices have a color assigned, but if a vertex has
a color assigned this is a valid color. The Tabu tenure has a special treatment
because of the dynamic nature of the problem. Since the structure of the graph
can change, the information keep in the Tabu tenure can become invalid, so we
made a modification to the Tabu generation step. If the structure of the Graph
change, we change the Tabu tenure deleting the assigned color to that pair of
vertices in the list. Then me must go through the list to delete the repeated
occurrences in the list.

It is important to say that the algorithm when detects a change in the social
network, then it doesn’t matter if the modification affects or not the validity of
the solution. The algorithm change the Tabu tenure and continue searching the
solution space.
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Algorithm 1. Dynamic Tabu Search for Social Networks (DTS-SN)
Transform the Social Network into a Graph G
initialize maxiter,maxcolor,mincolor
let C = maxcolor
while C = mincolor and iter < maxiter

let iter = 0
while not solved(G) and iter < maxiter

iter = iter + 1
assign valid colors to G
if in TabuList(G) then

continue
else

Add to TabuList
if G change then

Change_TabuList()
end while

if solved(G) then
Let C= C-1

end while

The algorithm returns a classification of the vertices C = {c1, c2, ..., ck} | ∀v ∈
V ∃c → v ∈ C, where C is the set of colors and k is the minimum number of colors
find by the algorithm. The algorithm returns the first configuration that meets
the GCP statement, but after that, an expert must supports this clustering. We
can move the threshold up or down to get a more accurate clustering for the
problem, but with this, we change the graph structure and the whole problem
would have to be repeated.

3 Experimental Results

We have implemented our Dynamic Tabu Search algorithm for Social Networks
DTS-SN in Microsoft Visual Studio 2005 Visual-Basic .Net. The graph genera-
tor is also implemented in the same platform. The experiments can be made in
different machines so the computational time measured in second can change.
The number of algorithm steps is an independent machine measurement that is
useful to compare different experiments. The use of the same computer doesn’t
guarantee that the performance of the computer is the same for all the exper-
iments (internal routines, disk memory swap, and other external events). Nev-
ertheless, in this paper, we give also the computational time in seconds because
the comparison between time measured in algorithm steps must be made with
an important restriction: the number of clusters must be the same in all the
experiments.



500 I.R. Ruiz and M.G. Romay

Fig. 1. Social Network of 20 users

We have built two simulated Social Networks (SN) with 20 and 50 users. We
have use two features for all the SN: the city and the education degree. We have
generated randomly the city of each user between 10 cities. We have assigned
the education degree between 5 degrees. The influence of the city is 0 if the users
don’t live in the same city, 5 if the users live in the same city and 3 if the city of
one user is near the city of the other user. The influence of the education degree
is 5 if the users have the same degree, 3 if the degree of one user is one more
degree or a one less degree, 1 if the degree of one user is two more degree of two
less degree, and 0 is other case. The relation relevance threshold is set to 6. So
there will be an edge between the nodes representing the users if two user have
the same degree, and they belong to the same city or nearby cities, or the degree
of one user is less or more one and they belong to the same city or nearby cities,
or the users degree differ in two units and the belong to the same city.

We have change some relations aleatory generating 4 new graphs which chro-
matic number decreases. In the figure 1 we can see the results of the evolution
of the social network clustering. In red we can see the chromatic number of
each version of the associated graph obtained with a Backtracking algorithm. In
light green we can see the average number of color obtained with our DTS-SN al-
gorithm after 50 executions and a maximum of 5000 steps. In blue we can see the
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Fig. 2. Social Network of 50 users

average number of steps need to find the chromatic number divided by 100 to
plot in the same figure. In Dark green we can see the average number of success
divided by 10 for the same reason.

We can see that our algorithm evolves very quickly to the chromatic number.
The number of steps is reducing from 3.100 steps in the initial graph to less than
400 if the last modified graph G4. The number of success also improves after
each modification of the graph to a 100% of accuracy.

In figure 2 we can see that the average number of steps and the accuracy
evolves in a similar way as in the 20 users social network. But in the Average
number of colors we did not reach to the chromatic number as has happened in
the previous experiment. But the evolution seems that we will find the correct
solution after a big period of time. The results are an average after 50 executions,
that means that we find the chromatic number in some cases.

4 Conclusions and Future Work

We have proposed a method to transform a Social Network into a Graph. This
method helped by a threshold allows to built different graphs giving more em-
phasis to one feature or another. Then using the GCP to identify the social
network using a Tabu Search algorithm.
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As the social network can change, we have introduced a modification to our
algorithm introducing into the graph structure the new relations in the social
network, and delete the broken relations, allowing the Tabu Search algorithm,
repair the Tabu tenure to adapt it to the new graphs structure and continue
with the clustering.

We have show empirically that our algorithm can find a quick approach to the
optimal solution of the graph representing the social network for small number of
users social networks. When the number of users grows, the algorithm approaches
very quickly to the optimal solution.

For future work, we want to test our algorithm with real data sets obtained
from a specific environment, the users of a software system for Enterprise man-
agement, to enlarge the result and proof the algorithm over a more complicated
scene. We also want to prepare a mathematical demonstration of the dynamic
convergence of our algorithm. The approach can be also tested using more so-
phisticated algorithm for graph coloring.
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Abstract. Occurrence of oil spills is a serious ecological problem which 
negatively influences the environment, especially water ecosystems. It is 
necessary to use efficient approaches that can reduce this danger as fast as 
possible. Multi-agent coalition formation is investigated in conjunction with the 
immunity-based algorithm CLONALG-Opt for elimination of oil spills. 

Keywords: Coalition, agent, immunity, lymphatic system, CLONALG-Opt. 

1   Introduction 

Instability of water ecosystems can be caused by the presence of oil spills. Oil spills 
contain dangerous chemicals which have negative influence on the development, 
physiology, immune system or reproduction of organisms living in (or near) the water 
ecosystem. It is often necessary to allocate a finance capital for elimination of oil 
spills. Costs are related to research or development of new approaches and 
technologies of reduction of this danger. 

There are several methods typically used for cleaning of oil spills on the sea: self-
cleaning and evaporation (natural processes), usage of booms or skimmers (for 
restriction the spreading of oil spills), usage of autonomous robots based on the 
methods of swarm intelligence [1], [2], [3]. 

It is obvious that presence of oil spills is a very serious problem. It is necessary to 
find efficient, ecological and economical solution. This paper investigates this 
problem with the usage of immunity-based multi-agent coalition formation, i. e. with 
the application of the clonal selection-based algorithm CLONALG-Opt [12], [13]. 

2   Multi-Agent Coalition Formation 

The multi-agent coalition formation is one of the cooperation methods of artificial 
autonomous agents in the multi-agent system (MAS). The coalition is a goal-oriented 
and short-lived group of agents solving a specific pre-defined problem. Coalition can 
consist of cooperative (pro-social) agents that try to maximize the benefit of the 
group. The own benefit is not so important for them in contrast to self-interested 
(competitive) agents.  



506 M. Husáková 

Generation of an optimal
in the multi-agent coalition
combinations of coalitions.
goal is to find efficient alg
computational efficiency a
[5], graph-based technique
techniques [9], [10] can be 

The problem of optima
investigated by a different
(AIS) resulting from mecha

3   Analogy between L

BIS is a complex system w
organism. Recognition of d
Different immune cells an
immune cell can be perc
problems for the sake of t
responsible for elimination 
lymphoid nodes for elimina
[15]). They are able to coo
cells on the basis of speci
ensure transferring informa
are necessary for eliminatio
can lead to the faster prob
relations between multi-ag
elimination of oil spills.  

Fig. 1. Analogy betwee

l coalition structure is one of the actual research challen
n formation. The coalition structure is a group of differ
. Each coalition of agents solves a specific problem. T
orithms that are able to search the space of solutions w

and minimal time consumption. Market-based approac
es [6], [7], dynamic programming [8] or evolution
used for solution of this problem. 

al coalition structure generation has not been sufficien
t biology-inspired paradigm – artificial immune syste
anisms of biological immune systems (BIS). 

Lymphatic Nodes and Elimination of Oil Spi

which maintains the stability (homeostasis) of every liv
dangerous objects (antigens) is the main function of B

nd organs are used for the elimination of antigens.  T
ceived as a pro-social biological agent that deals w
the BIS as a whole. Lymphatic nodes are powerful u
of antigens. Immune cells are able to form clusters in 

ation of the danger, see Fig. 1 (a figure of a lymphoid n
operatively solve a specific problem with others imm
ific stimuli. They use cellular signalling pathways wh
ation from the source to the receiver. The similar clus
on of oil spills by skimmers. The cooperation between th
blem solution. There is a potential for research of use
gent coalition formation, (artificial) immune systems 

en network of lymphatic nodes and elimination of oil spills  

nges 
rent 
The 
with 
ches 
nary 

ntly 
ems 

ills 

ving 
BIS. 
The 
with 
units 

the 
node 

mune 
hich 
ters 

hem 
eful 
and 

 



 Immunity-Based Multi-Agent Coalition Formation for Elimination of Oil Spills 507 

4   Artificial Immune System 

Artificial immune systems (AIS) are perceived as a novel soft computing paradigm 
that is inspired by behaviour of BIS [17]. Different definitions of AIS exist. One of 
them is mentioned in [11]: “Artificial immune systems (AIS) are adaptive systems, 
inspired by theoretical immunology and observed immune functions, principles and 
models, which are applied to problem solving.” 

Four groups of immunity-based algorithms are used in present: gene library-based 
algorithms (bone marrow models), population-based algorithms, network-based 
algorithms, danger theory-based algorithm (dendritic cell algorithm).  

Research is focused on the specification of the new immunity-based algorithms, 
improvement of these algorithms, usage of these algorithms in the new application 
areas, deeper theoretical study of AIS and development of hybridized AIS using 
“different” soft computing paradigms [4], [18], [19].  

This paper investigates the population-based algorithm CLONALG-Opt. This 
algorithm is inspired by the clonal selection principle which explains the process of 
antibodies (B-lymphocytes) generation. Algorithm CLONALG was initially proposed 
for the pattern recognition [12], [13]. Optimized version of CLONALG (CLONALG-
Opt) is mainly used for optimization tasks [13].   

5   Proposed Solution 

Elimination of oil spills is perceived as a multi-agent coalition formation problem in 
this paper. Algorithm CLONALG-Opt is proposed for the problem of generation 
coalition structures which can be applied for solving the above mentioned 
environmental problem. 

5.1   Formal Model  

Multi-agent system consists of a set of autonomous pro-social agents Cleaners A= {a1, 
a2, …, am}. These ones are used for mitigation of the environmental danger. The agent 
a is evaluated by points b which are received thanks to the elimination of oil spills. 
The goal of the agent Cleaner is to collect maximum points for the elimination of oil 
spills. The agent has a collection of specific abilities that is represented as an ordered 
n-tuple of binary values s = (s1, s2, …, sx) which are randomly generated. The agent 
uses an ordered n-tuple of filters for elimination of oil spills f = (f1, f2, …, fy). Each 
filter f has a level of attrition o representing the amount of oil fragments that can be 
eliminated by the agent. This level is randomly generated for each agent. If the agent 
has a filter with high degree of attrition, the filter has to be cleaned or replaced. 

Continuous oil spills (tasks) are represented in the set U = {OS1, OS2, …, OSn}. 
Each continuous oil spill is divided into the fragments (subtasks) os. Each oil 
fragment corresponds with the one type t of oil spill according to the level of its 
density. The types of oils spills are represented in the set T = {t1, t2, …, tn}. Each oil 
fragment is evaluated by points v. Agent receives more points for elimination of 
thicker oil spills because they are classified as more dangerous in comparison to the 
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lighter oil spills (they spread more slowly and go down faster). The same property v is 
assigned for the type of subtask t. 

Coalition c is used for the allocation of useful autonomous agents which eliminate 
specific oil spill of the only one type according their abilities and properties in this 
paper. This paper deals with only three non-overlapping coalitions, because three 
types of oil spills are distinguished (light, medium and heavy) in this paper. Coalition 
structure CS is a potential solution of the problem (antibody) that is divided into 
coalitions. 

5.2   Optimization Model  

Value of coalition structure V(CS) depends on values of coalitions v(c). Values of 
coalitions depend on the qualities of agents Cleaners. Quality of agent v(a) depends 
on its ability to fulfil the task a.s, a detrition of a filter f.o and points for the one type 
of subtask t.v. Fitness of an i-th agent performing a h-th type of task is calculated 
according to the equation (1). v a . t a . s f . o t . v  (1) 

Stable coalition is defined as a set of agents that is able to accumulate minimal 
required amount of sources. Minimal required amount of sources is given by subtasks 
(fragments of oil spills) that have to be accomplished by agents Cleaners. Goal of the 
multi-agent coalition formation is to keep coalitions in a stable state as long as 
possible. It is necessary to ensure fast reaching of the goal without long time delays. 
Long-lasting stability of coalitions is supplied with the maximum amount of sources 
of agents Cleaners. Formula (2) should be valid for each stable coalition. Symbol 
th.res denotes the minimal required amount of sources that is given by the h-th type of 
subtask t.  v c ∈ N : v c t . res  (2) 

Quality of coalition is specified as a sum of qualities of agents Cleaners that perform 
the specific subtask (e. g. an agent Cleaner eliminates an oil spill with the medium 
level of density). Quality of coalition structure can be represented as a tuple with 
coalition values V(CSk) = v(c1), v(c2), …, v(cn) or as a sum of coalition values, see 
equation (3). 

V CS v c  (3) 

Objective function is defined in the view of stable coalitions, see equation 4. Symbol 
x denotes the amount of oil spills of the specific type t (e. g. the amount of oil spills 
with medium density).  

CS max V CS x t . v  (4) 



 Immunity-Based Multi-Agent Coalition Formation for Elimination of Oil Spills 509 

5.3   Formal and Conceptual Representation of Processes of CLONALG-Opt 

Particular steps of the algorithm CLONALG-Opt are described e. g. in [14]. The 
following paragraphs are focused on the crucial steps of this algorithm, i. e.: 
representation and initialization of potential solutions, quality calculation of potential 
solutions, clonal selection process and affinity maturation. 

5.3.1   Representation of Potential Solutions and Initialization 
The coalition structure is represented as an antibody (a potential solution) and 
structured into the coalitions. Each coalition is created for fulfilment of the one 
specific type of subtask. Array of integers is used for the coalition structure 
representation. Each integer represents identification value of an agent Cleaner. The 
array of integers has a stable length. Each coalition has at least one agent Cleaner, 
because coalition without agents is not useful. This paper deals with the static multi-
agent coalition formation. Number of agents Cleaners and types of subtasks are 
specified by the user and do not change during the calculation of the V(CS). Length of 
antibody (L) is specified according to the equation (5) (a symbol m - the number of 
agents Cleaners involved in the coalition structure generation, a symbol n - the 
number of types of subtasks). Positions of coalitions are predefined in the coalition 
structure. The identity of coalition is defined for this purpose, see Fig. 2. L m n 1 n (5) 

 

Fig. 2. Representation of potential solution with four agents  

5.3.2   Quality of Potential Solution 
Quality of coalition structure is represented as a list FCS of two values. The first 
value cuc represents number of unstable coalitions. The second one es represents the 
amount of sources allocated by agents Cleaners extra in comparison to the minimal 
requirements, see equation (6).  

es  v k, t . res  (6) 
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5.3.3   Clonal Selection 
The operator of clonal selection is used for selection of high quality coalition 
structures. Rank-based selection is applied for this purpose. Coalition structures are 
firstly ordered according to the first value of the list FCS cuc in descending order, 
then according to the second value es in ascending order, see Tab. 1. 

Table 1. Demonstration of rank-based selection for clonal selection 

Coalition 
structure 

Cuc Es Order Probability of 
selection (%) 

CS1 2 6 1 10% 
CS2 1 10 2 20% 
CS3 0 17 3 30% 
CS4 0 20 4 40% 

5.3.4   Clonal Expansion 
The operator of clonal expansion is perceived as a reproduction operator with the goal 
of spreading of high quality solutions. Offsprings are generated for high quality 
potential solutions according to the equation (7) [14] (a symbol CSi.Nc - number of 
clones generated by the i-th coalition structure, a symbol β - clone factor, Rsize – size 
of repertoire with potential solutions). CS . Nc round β R , β 0 R ∈ N (7) 

5.3.5   Affinity Maturation 
Purpose of the affinity maturation is to include “useful innovations” into the 
repertoire of possible solutions for receiving solutions of better quality. Rank-based 
somatic hypermutation is applied for this purpose. It is similar to the rank-based 
selection. Coalition structures are firstly ordered according to the first value of the list 
FCS cuc in ascending order then according to the second value es in descending 
order, see Tab. 2. 

Table 2. Demonstration of rank-based mutation for affinity maturation 

Coalition 
structure 

Cuc Es Order Probability of 
mutation (%) 

CS1 0 20 1 10% 
CS2 0 17 2 20% 
CS3 1 10 3 30% 
CS4 2 6 4 40% 
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6   Experiments 

NetLogo is a Java-based modelling and simulation tool for multi-agent systems. It is 
well suited for modelling complex problems related to biology, physics, chemistry,  
sociology, medicine or computer science. NetLogo is used for the implementation of 
the algorithm CLONALG-Opt [16]. BehaviourSpace is a build-in tool of the NetLogo 
which is applied for realization of experiments. This environment is utilized with the 
goal of observing the behaviour of the algorithm and verification of the application of 
algorithm for the multi-agent coalition formation and elimination of oil spills. 

The goal of the experiments is to observe the behaviour of the CLONALG-Opt for 
different number of agents Cleaners and the size of repertoire with possible solutions 
at the usage of the constant seed value, see Tab. 3 with results. There are specific 
symbols in tables: ncleaners (a number of agents Cleaners), nrep (a size of repertoire), 
ngen (a number of generations), cf (a clonal factor), Tmin (a duration of the partial 
experiment), WSF V(CS) (the worst possible solution founded so far), BSF V(CS) (the 
best possible solution founded so far).  

The experiments use 6, 8 and 10 agents Cleaners. 50 and 40 generations are 
predefined by user with clonal factor 0.1 and a seed value 300. Size of repertoire is 
10, 20 and 30 antibodies. More fluctuations appear in case of WSF value. BSF value 
is stabilized on: 66 units (6 agents Cleaners), 116 units (8 agents Cleaners) and 107 
units (10 agents Cleaners) in two cases. Results of the experiments show that the 
algorithm CLONALG-Opt can be used for the multi-agent coalition formation. The 
algorithm is able to offer solution that can be used for elimination of oil spills. The 
algorithm CLONALG-Opt is not time-consuming, see Tab. 3. The following figures 
depict the best values of the coalition structures found in each generation. The Fig. 3 
depicts the course of the algorithm CLONALG-Opt for different repertoires with 6 
agents Cleaners. The Fig. 4 depicts the course of the algorithm for different 
repertoires with 8 agents Cleaners. The Fig. 5 depicts the course of the algorithm for 
different repertoires with 10 agents Cleaners.  

Table 3. Results of the experiments 

 Algorithm Clonalg-Opt 
ncleaners Parametres: ngen = 50, 40*, cf = 0,1, seed = 300 

nrep Tmin WSF V(CS) BSF V(CS) 
6 10 1 [0 51] [0 66] 

20 2 [0 44] [0 66] 
30 4* [0 38] [0 66] 

8 10 1 [0 47] [0 116] 
20 2 [0 45] [0 116] 
30 5* [0 72] [0 116] 

10 10 1 [0 44] [0 107] 
20 1 [0 60] [0 106] 
30 5* [0 74] [0 107] 
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Fig. 3. Course of algorithm C

Fig. 4. Course of algorithm C

Fig. 5. Course of algorithm C

7   Data Analysis 
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between concrete groups of data. Statistical significance is find out between groups of 
nrep 10 and nrep 30 for ncleaners 8, between groups of nrep 10 and nrep  20 for ncleaners 10, 
between groups of nrep  20 and nrep 30 for ncleaners 10, see Tab. 5. 

Table 4. Non-parametric test Kruskal-Wallis  

 6 agents Cleaners 8 agents Cleaners 10 agents Cleaners 
Chi-Square 0,259 17,206 63,964 
Asymp. Sig. 0,878 0,000 0,000 
p-value (Monte Carlo) 0,880 0,000 0,000 
Decision H0 H1 H1 

Table 5. Non-parametric test Mann-Whitney with Bonferroni correction 

 8 agents Cleaners 10 agents Cleaners 
 10R/20R 10R/30R 20R/30R 10R/20R 10R/30R 20R/30R 

Mann-
Whitney 

1013,5 868,5 1208 352 1222 316 

Asymp. 
Sig. 

0,090 0,003 0,964 0,000 0,773 0,000 

Decision H0 H1 H0 H1 H0 H1 

8   Conclusion 

The paper presents the usage of the immunity-based algorithm CLONALG-Opt for 
elimination of oil spills. This problem is perceived as a multi-agent coalition 
formation problem in this paper. CLONALG-Opt algorithm is analysed and designed 
for multi-agent coalition formation. NetLogo environment is used for the 
implementation of the algorithm for verification of its applicability for multi-agent 
coalition formation and elimination of oil spills. Experiments are realised with the aid 
of build-in NetLogo-based tool BehaviourSpace. Purpose of these experiments is not 
to optimize parameters of the algorithm, but observe the behaviour of the algorithm 
for different settings of the parameters. Experiments prove the applicability of the 
CLONALG-Opt algorithm for the multi-agent coalition formation and elimination of 
oil spills. Experiments demonstrate that the CLONALG-Opt algorithm is not time-
consuming for used parameters. Two non-parametric tests are used for the data 
analysis – Kruskal-Wallis and Mann-Whitney with Bonferroni correction for analysis 
of statistical significance of data presented by experiments. It is find out that the 
algorithm CLONALG-Opt performs differently for various numbers of agents 
Cleaners, but it is necessary to do more experiments with different settings. 

The paper presents initial study that connects immunity-based multi-agent coalition 
formation with serious environmental problem. The future research is firstly aimed at 
the investigation of the others immunity-based algorithms for the elimination of oil 
spills and their comparison with each other and with genetic algorithms. The second 
part of the future research is focused on the dynamic multi-agent coalition formation 
and application of relevant immunity-based algorithms for this purpose.  
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Abstract. The motivation of the paper is to introduce agent-based technology in
the business process simulation. As in other cases, such simulation needs suffi-
cient input data. However, in the case of business systems, real business data are
not always available. Therefore, multi-agent systems often operate with randomly
(resp. pseudo randomly) generated parameters. This method can also represent
unpredictable phenomena. The core of the paper is to introduce the control loop
model methodology in JADE business process simulation implementation. At the
end of this paper the analysis of agent-based simulation outputs through process
mining methods and methods for analysis of agents’ behavior in order to verify
the correctness of used methodology is presented. The business process simu-
lation inputs are randomly generated using the normal distribution. The results
obtained show that using random number generation function with normal distri-
bution can lead to the correct output data and therefore can be used to simulate
real business processes.

1 Introduction

Simulations used in experiments in the paper could be described as agent-based sim-
ulations [13] of Business Process Management (BPM). Business process is an activity
adding the value to the company. Usual business process simulation approaches are
based on the statistical calculation (e.g. [14]). But only several problems can be identi-
fied while using the statistical methods. There are a lot of other influences those are not
able to be captured by using any business process model (e.g. the effects of the collab-
oration of business process participants or their communication, experience level, cul-
tural or social factors). This method has only limited capabilities of visual presentation
while running the simulation. Finally, an observer does not actually see the participants
of business process dealing with each other.

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 515–524.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2013
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Agent-based simulations dealing with a company simulation can bring several cru-
cial advantages [4], [11]. They can overcome some of the problems identified above.
It is possible to involve unpredictable disturbance of the environment into the simula-
tion with the agents. All of the mentioned issues are the characteristics of a multi-agent
system (MAS).

One of the problems the simulations of business processes tackle with is the lack
of real business data. Many researchers [9], [20] use randomly generated data instead.
On the basis of our previous research, we used the normal distribution in our simulation
experiments. We reported on more issues dealing with the business process and financial
market simulations [16], [17]. The simulation approach described in this paper uses
bellow mentioned control loop model [17], [2] as a core principle. The influence of
randomly generated parameters on the simulation outputs while using different kinds
of distributions is presented in [18].

The novel methodology and workflow described in this paper are implemented in
the form of MAS [19]. JADE [3] development platform was chosen for the realization.
JADE provides robust running and simulation environment allowing the distribution
of thousands of software agents. Multi-agent system is used as a BPM framework in
this paper. When finished, it shall cover the whole company structure from supply of
the material, through the production process, up to the selling and shipment. The over-
all idea of the proposed novel methodology is to simulate real business processes and
to provide predictive results concerning the management impact. This should lead to
improved and effective business process realization.

To achieve the suitable design of the proposed system a mechanism for verification is
needed. As selected input data are generated randomly, or can be set for various types of
simulations, the appropriate verification of agents’ behavior is required. Process mining
methods [1] were used for identification of agents’ behavior as well as the methods
for identification of behavioral patterns working with similarity of sequences [10], [8].
Used method for behavioral pattern identification was described more detailed e.g. in
[15], where behavioral patterns of students in e-learning system were identified.

This paper is structured as follows. Section 2 briefly informs about the control loop
model. Multi-agent system implementation and mathematical definition of production
function are presented in Section 3. In Section 4 the simulation results are introduced.
In Section 5 the process mining methods are used in order to verify the correctness of
implemented model. In Section 6 the conclusion and future research steps find their
places.

2 Control Loop Methodology

While analytical modeling approaches are based mostly on the mathematical theo-
ries [12] the approach followed in this paper is based on experimental simulations.
The generic business company used for these simulations based on the control loop
paradigm is presented in Figure 1.

The methodology is based on the idea that the company could be presented as a
control loop, where the market conditions as well as customers behavior are seen as
an external part of the modeled system while the internal company behavior is subject
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Fig. 1. Generic model of a business company (source: own)

to the simulation. We simulate one of the core business processes of a typical business
company. The simulated business process is the selling of goods by sales representants
(sales reps in the rest of the paper) to the customers. This process is only one part of
the whole control loop. The subject presented in this paper consists of following types
of agents: seller agents, customer agents, an informative, and a manager agent. The
seller agent interacts with the customer agent according to the multi-agent approach.
The interaction is based on the FIPA contract-net protocol [6]. This simplified system
was extended by random disturbances influencing the agents’ behavior. The number of
customer agents is significantly higher than the number of seller agents. The behavior
of agents is influenced by two randomly generated parameters using the normal distri-
bution.

The control loop consists of controlled units like sales, purchase, production and
others, managed by a regulator unit (the management of the company). The outputs of
the controlled units are measured by the measuring unit and compared with the key
performance indicators (KPIs). The differences found are sent to the regulator unit,
which takes necessary measures in order to keep the system in the closeness with of the
KPI values.

The overall workflow of the system proposed can be described as follows. The cus-
tomer agents randomly generate the requests to buy random pieces of goods. The seller
agents react to these requests according to their own internal decision functions and fol-
low the contracting with the customers. The purpose of the manager agent is to manage
the requests exchange. The contracting results into the sales events. More indicators of
sale success like revenue, amount of sold goods, incomes, and costs are analyzed (more
can be found in Section 4).

The motivation of this paper is to present a part of the whole system consisting of
seller and customer agent types. In Section 3 the multi-agent system implementation is
in detail described.
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3 Multi-agent System Implementation

In this section, the implementation steps of the multi-agent system are described in
details. The mathematical definition of production function is proposed. Production
function is used during the contracting phase of agents’ interaction. It serves to set
up the limit price of the customer agent as an internal private parameter.

Every simulation step is stored as a time record in the log file. The complete log file
is used as a subject for the verification. Only one part of the company’s control loop,
defined earlier, was implemented. This part consists of sales reps and customers trad-
ing with stock items (e.g. tables, chairs). One stock item simplification is used in the
implementation. Participants of the contracting business process in our system are rep-
resented by the software agents - the seller and customer agents interacting in course
of quotation, negotiation and contracting. There is an interaction between them. The
behavior of the customer agent is characterized in our case by proposed customer pro-
duction function defined bellow (Equation 1).

Each period turn (here we assume a week), the customer agent decides, if to buy
something. His decision is defined randomly. If the customer agent decides not to buy
anything, his turn is over; otherwise he creates a sales request and sends it to his seller
agent. The seller agent answers with a proposal message (concrete quote starting with
his maximal price − limit price ∗1.25). This quote can be accepted by the customer
agent or not. The customer agents evaluate the quotes according to the production func-
tion. The production function was proposed to reflect the enterprise market share for the
product quoted (market share parameter), sales reps’ ability to negotiate, total market
volume for the product quoted etc. (in e.g. [17]). If the price quoted is lower than the
customer’s price obtained as a result of the production function, the quote is accepted.
In the opposite case, the customer rejects the quote and a negotiation is started. The
seller agent decreases the price to the average of the minimum limit price and current
price (in every iteration is getting effectively closer and closer to the minimum limit
price), and resends the quote back to the customer. The message exchange repeats until
there is an agreement or reserved time passes.

The sales production function for the m-th sales representative pertaining to i-th cus-
tomer determines the price that i-th customer accepts [18].

cm
n =

τnTnγρm

ZMγmi
n

, (1)

where:

cm
n - price of the n-th product quoted by m-th sales representative,

τn - company market share for the n-th product,
Tn - market volume for the n-th product in local currency,
γ - competition coefficient lowering the sales success,
ρm - quality parameter of the m-th sales representative,
Z - number of customers,
M - number of sales representatives in the company,
γmi

n - requested number of the n-th product by the i-th customer at m-th sales represen-
tative.
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Customer agents are organized in groups and each group is being served by concrete
seller agent. Their relationship is given; none of them can change the counterpart. Seller
agent is responsible to the manager agent. Each turn, manager agent gathers data from
all seller agents and makes state of the situation of the company. The data is the result of
the simulation and serves to understand company behavior in a time depending on the
agents’ decisions and behavior. The customer agents need to know some information
about the market. This information is given by informative agent. This agent is also
responsible for the turn management and represents outside or controllable phenomena
from the agents’ perspective.

4 Simulation Results

In order to include randomly generated inputs, two important agents’ attributes were
chosen to be generated by pseudo random generator. Firstly, the seller agent’s ability,
and secondly the customer agent’s decision about the quantity for purchase were used.

For generating random numbers from normal distribution (Gaussian) the Java li-
brary called Uncommon Maths written by [5] was used. For the values generation ran-
dom MerseneTwisterRNG class was implemented. The class is a pure Java port
of Makoto Matsumoto and Takuji Nishimura’s proven and ultra-fast Mersenne Twister
Pseudo Random Number Generator for C. The parametrization of MAS is listed in
Table 1.

Table 1. List of agents’ parameters

AGENT TYPE AGENT PARAMETER NAME PARAMETER
COUNT VALUE

Customer Agent 500 Maximum Discussion Turns 10
Mean Quantity 50
Quantity Standard Deviation 29

Seller Agent 50 Mean Ability 0.5
Ability Standard Deviation 0.3
Minimal Price 5

Manager Agent 0 Purchase Price 4
Market Info 1 Item Market Share 0.5

Item Market Volume 5 000 000

One year of the selling/buying processes (52 turns weeks) was simulated (Figure 2).
The output values are mostly closer to the mean than to the extremes. Obtained results
demonstrate realistic KPIs of company simulated.

In Table 2 aggregated data can be seen, which reflects the most important character-
istic of the normal distribution.

Both attributes the seller ability and also the selected quantity should be taken from
the normal distribution for more realistic scope of the generation. The main significant
data series from Incomes was used and the correlation analysis was made. The cor-
relation coefficient -0.018 doesn’t prove tight correlation binding between the results
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Fig. 2. The generation graph with normal distribution of attributes (source: own)

of simulation and random attributes generation with normal distribution. For the KPIs
evaluation the amount, incomes, costs and revenue were counted. The values resulted
from the 53 weeks of the company trading. Implemented MAS provides necessary re-
sults in the form of KPIs every week during one year of trading. Obtained KPIs could
be compared from one simulation experiment to another. This could be used to analyze
different simulation parameterizations and the impact on the company performance.

Table 2. Random Distribution Generation Output Results

AGGREGATION AMOUNT INCOMES COSTS REVENUE
(PIECES) (CZK) (CZK) (CZK)

SUM 1 983.00 11 803.48 7 932.00 3 871.48
AVG 38.13 226.99 152.54 74.45
STD. DEV. 16.05 95.76 64.19 32.03

In Section 5 will be used the process mining method in order to verify the proposed
model. If the verification confirms correct behavior of agents, the used model works
also correct.

5 Verification of Simulation Implementation

The verification of implemented simulation of proposed multi-agent system was per-
formed through the analysis of the agents’ behavior. The system records all the actions
performed by the agents into the log file. The log file structure corresponds to the fol-
lowing description: the rows of the log file represent events, which can be described by
attributes like timestamp, performer (agent), type of action, and additional information
(ability, stock items, price and other).
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The agents’ behavior was analyzed through the methods of process mining. Aalst
in [1] defines a methodology for the analysis of business processes. This methodol-
ogy was used for the extraction of sequences of actions performedx by the agents in
the system. The sequences were extracted for each negotiation between the seller and
customer agents; the other types of agents were analyzed as well. However, for the ver-
ification process, the behavior of the seller and customer agents was more important.
More detailed description of sequence extraction and behavioral pattern identification
using algorithms for the comparison of categorical sequences is described in our pre-
vious work, for example in [15], where behavioral patterns of students in e-learning
system were analyzed. For the experiments in this paper, the method T-WLCS was
used for finding the behavioral patterns of the agents.

After the sequence extraction phase, we have obtained 2 097 sequences. Using T-
WLCS method for comparison of sequence similarity, we have constructed the sim-
ilarity matrix, which can be represented using tools of graph theory. The finding of
behavioral patterns of agents was performed through a weighted graph G(V,E), where
vertices V were the sequences and edges E represented the relations between the se-
quences on the basis of their similarity. The weight of edges w was defined by the
sequence similarity (T-WLCS method). Detailed information of the original sequence
graph is presented in Table 3.

Table 3. Description of Sequence Graph

INFORMATION VALUE
Nodes 1975
Isolated Nodes 2
Edges 942 068
Connected Components 7

The sequence graph consisted of large amount of similar sequences. Moreover, it was
dense and very large for further processing. Better interpretation of results was possi-
ble by finding the components, which can represent the behavioral patterns of agents.
That was the reason, why we have used spectral clustering by Fiedler vector and alge-
braic connectivity [7]. The original sequence graph was divided into 7 components with
similar sequences. Description of obtained components, their size and type of agents is
presented in Table 4.

Visualization of obtained components using graph theory can be seen in Figure 3.
Each component, determined by its color, consists of similar sequences and represents
similar behavior. Each sequence is described by the information of its performer (agent).
Therefore, we are able to identify groups of agents with similar behavior to verify the
model.

The verification process of the implementation was based on finding behavioral pat-
terns and groups of agents with similar behavior. Proposed method can be used success-
fully for better interpretation and description of real model working and of real behavior
of the agents in the model. There are several input parameters, which can influence real
behavior of the agents in the system. Proposed method can facilitate the analysis of
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Table 4. Component Description

COMPONENT SIZE TYPE OF AGENT
C0 1 034 CustomerAgents
C1 498 CustomerAgents
C2 253 CustomerAgents
C3 136 SellerAgents
C4 51 SellerAgents
C5 1 ManagerAgent
C6 1 DisturbanceAgent

real behavior of the agents during the system simulation. As an example we can men-
tion ability, which was set up randomly for the seller agents, where the values followed
the normal distribution function. The ability is the parameter, which influents the seller
agents’ behavior. The higher the value is, the more skillful the agent is in the negotiation
process. In the other words, the agent is able to finish the negotiation process in shorter
time. This corresponds to shorter sequences extracted from the log file for this agent.

Fig. 3. Components with Similar Sequences
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6 Conclusion

The BPM simulation experiment in the form of MAS was introduced in this paper.
Proposed simulation model was implemented in order to simulate business process par-
ticipants in virtual company. Overall methodology is based on the company’s control
loop. The simulation provides useful information about core business processes. Pro-
cess mining methods used for the model verification confirmed the model correctness.

The verification process of the implementation was based on finding behavioral pat-
terns and groups of agents with similar behavior. Proposed method can be used success-
fully for better interpretation and description of real model working and of real behavior
of the agents in the model.

The next steps of our research will follow the rest parts of the whole control loop. The
purchase side and the disturbance module will be implemented in order to analyze the
performance of virtual company. The using of implemented MAS as a decision support
tool for the management of company will be the leading idea in the future research.
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Abstract. The development process of Multi-Agent Systems is mostly
similar to development of standard information systems. However, there
are a few special requests that have to be taken into account, e.g. multi-
platform MAS architecture, internal architecture and implementation of
particular agents, their autonomy and communication. This paper de-
scribes a development tool (AgentStudio) that covers main phases of
agent development and simulation with emphasis to process modeling.
These approaches support the creation of intelligent agents and recon-
figuration of their behaviors to provide intelligence of them.

1 Motivation

A Multi-Agent System (MAS) attracts attention as an approach to complex-
ity systems in recent years. Fundamental elements of MAS are represented by
agents, individual software units in distributed systems. Efficiency of such sys-
tems depends on the quality of agents’ internal architecture, features and their
cooperation ability with other agents. Recent research deals with so called intel-
ligent agents which dispose of additional skills that appear from logic, processes,
information retrieval, etc. This paper describes a specification of agent behavior
based on extended UML technique. Agents, which can modify their behaviors
upon defined processes are main goal of our research.

Nowadays, there are standard approaches to develop whole information sys-
tems from the requirement specification to the deployment (UML, RUP, etc.).
They can be used also for MAS, however, this is not proper way to build complex
multi agent systems. Specific features of these systems (e.g. autonomy of ele-
ment, communication among elements, logic) require some specific tools and/or
approaches. The Agent UML (AUML) [1] and new features of UML 2.1 (and
higher) and SysML [2] [3] can cover some phases of software process with re-
spect to MAS. Nevertheless, the AUML is a quite old approach, that is no
longer supported. On the other hand, new UML standards are too complicated
for common users and they bring a lot of extensions which are not necessary
for MAS development. In this case, we try to offer formal method to describe
internal and external processes of the agents as well as user friendy approach.
Selection of suitable implementation framework plays also an important role. A
Java Agent Development framework (JADE) has been chosen for our purpose
[4] [5] [6].

V. Snasel et al. (Eds.): SOCO Models in Industrial & Environmental Appl., AISC 188, pp. 525–535.
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2 Agent Behavior Modeling

Each agent is determined by its own objectives and the way to meet these ob-
jectives is founded on the internal behavior of a given agent. In the case of pro-
cessional intelligent agents [7] [8], internal behavior is specified by an algorithm.
Agent lives, behaves and reacts with respect to environment stimuli, its location
and given algorithm [9]. Outer MAS behavior results from communication of
particular agents and from interconnection of several internal agent behaviors.
The behaviors can be changed dynamically with the aid of the Reconfiguration
approach and communication is supported by message passing. These points are
included in activity diagrams extension.

2.1 UML Activity Diagrams Extension

The UML Activity Diagrams represent a standard diagrammatic technique which
describes the series of activities, processes and other control elements that to-
gether express an algorithm from the dynamical point of view [10] [11] [12].
Diagrams capture internal behavior of each agent, but they do not describe the
interactions and communication between agents. Therefore, additional modifi-
cations and extensions are required to provide reconfiguration of behaviors and
interaction among processes.

From now on, a process is a flow of atomic activities and sub-processes, that
finally represents particular non-trivial action of the agents. An agent behavior
consists of a set of such processes.

Our Agent Behavior Diagrams contain all the elements of the standard UML
Activity Diagrams and new elements concerned with message passing, process
hierarchy, input/output objects and resulting process scenarios (see the figure
1).

The simple, clear and formal specification of internal agent behaviors is a
precondition for the following phases of multi-agent software process. Also other
types of diagrams (e.g. sequential diagrams, maps of the agents communication)
can be generated thanks to the new stereotypes and information (on objects,
scenarios, activity scores, etc.), which were established in the Agent Behavior
Diagram. The same holds for semi-automatic creation of source code templates
of agents (e.g. agent interfaces, classes and methods).

2.2 ABD Rules

Several rules must be kept to build complex MAS model.

– Each process, as well as diagram, has just one initial node and just one final
node. It is necessary for further joining of processes to obtain overall agent
behavior.

– In the case of more final nodes within a process, the nodes are merged
with appropriate process modification. Then, the previous final nodes are
represented by scenarios, which are stored as an extra information in the
merged node.
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Fig. 1. Example of ABD (Agent Behavior Diagrams) with additional elements. It il-
lustrates Car agent behavior during parking process.

– ABD are well-formed [13]. Van der Aalst defined a set of general structural
rules for workflow nets (e.g. the level of split/join nodes preservation, no
crossing of the levels of control flow). These rules were acquired and due this
fact, the diagrams can be verified and formalized.

2.3 ABD and Workflow Nets

Thanks to mentioned rules it is possible to create such process specifications
based on ABD, which will not only record the correct structure of the process,
but will also further automated implemented or formalized. The transformation
of ABD to the workflow network is one of possible step to formalization. Due
to the above differences in the perception of objects within Petri nets/Workflow
nets and activity diagrams, it is possible to speak only about formalization of
the process control flow. If the transformation should include specific objects
used as inputs or outputs of each activity, then the complete workflow network
created from ABD can not longer meet the requirements of the definition and
the result becomes the ordinary Petri Net (only one initial place, only one final
place, tokens only in outplut place at the moment of cempletion of process, etc.).
Figure 2 illustrates the transfer from parts of ABD to Workflow Net with respect
to the formality of the process specifications, although generally the result is not
complying with all rules for the Workflow nets.
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Prepare message

destination

Send message

Msg: I_WOULD_LIKE_TO_PARK
Receiver: all ParkingAgents

car

Receive Msg

Parsing Msg content

Parking FindAnotherParkingRange

parkplace

car

Msg from ParkingAgent

Msg: OK_USE_PARKPLACE
Sender: ParkingAgent

Msg: SORRY_YOU_ARE_LATE
Sender: ParkingAgent

Msg: PARKING_IS_FULL
Sender: ParkingAgent

Msg: HELLO
Sender: CarAgent

control-flow condition based on a
given instance of received message

Fig. 2. Example of transformation of some ABD parts to corresponding Workfow Nets.
Some parts of parking process are used there.
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3 Reconfiguration of Behaviors

Every process, expect the primary process, can be specified by more than one
diagram. Then, each diagram describes one realization of a given process. Real-
izations depend upon knowledge, experiences, environment and states of agents.
The realizations can be stored within agent internal knowledge base or global
MAS repository. Moreover, the agents can extend own sets of realizations thanks
to communication and cooperation with other agents and/or platform facilities.
This feature enables agents to learn.

The behaviour reconfiguration approach represents the way how to implement
intelligent agents with respect to processes [14]. The idea behind the reconfigu-
ration comes from the hypothesis, that each process (reconfiguration point) can
be realized by different ways - realizations. Reconfiguration algorithm is applied
in time of process firing. Each process requires a set of input objects and can
produce the outputs. The same holds for the realizations.

 

Fig. 3. The reconfiguration algorithm scheme

The figure 3 depicts the basic scheme of mentioned reconfiguration method. At
the beginning, the set of all processes and their realizations is defined. Next, the
selection phase is initiated. Depicted selection consists of two steps. The first one
represents a simple selection of applicable realizations, based on input objects
occurrences. The second one chooses the most suitable realization according to
input objects properties, scores, etc. Methods of multicriterial analysis or logical
tools can be used during the selection phase.

4 Traffic Simulations

Mentioned ideas and approaches are projected in an implementation of MAS
in the area of traffic and transport. Developed AgentStudio applications are
suitable for this purpose. [15]

Proposed approaches and methods have been proven in the area of traffic man-
agement. These are the reasons, that led us to choose this application area. First,
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the computational simulations are becoming increasingly important because, in
some cases, it is the only way to study and interpret designed processes. These
simulations may require very large computational power and the calculations
have to be distributed on several computers. The MAS technology supports
such kind of computation because of its independence from platforms, operation
systems, etc.[16] [17] However, just selected traffic situations were taken into
account to demonstrate the power of MAS technology, logic and AgentStudio.
Next, several commercial systems pick up actual traffic data, create digital mod-
els of traffic infrastructure (roads, crossroads, traffic signs, etc.) and provide such
data sets to use them within other projects. Then it is quite easy to use provided
data in simplified form for AgentStudio Simulator and test agents’ behaviors on
real data. Logic and intelligent decision-making process play an important part
in our project. Also this point is inherent with traffic simulations, e.g. if a traffic
light is red, cars should stop before a crossroad. In other words, the car has to
change its behavior. Most of such rules are well described in Highway Code and
can be rewritten into Prolog and/or TIL (Transparent Intensional Logic) for-
mulas. The fourth reason consists in agent behavior description based on UML
modeling which is covered by ABD. Last but not least, an eye appealing way
of presentation of simulation results is important. Visualization tool makes one
part of the AgentStudio Simulator and helps us to see what the agents really
do and how they behave depending on the environment.

4.1 Target Area Description

Traffic simulations try to reflect real situations taking place on roads. Nowadays,
AgentStudio Simulator allows us to design and edit simplified infrastructure to
test agents’ behaviors. In the future, it will also enable to import real GIS data.
These are important situations which we focused on:

– Cars overtake each other and they will recognize traffic obstacles.
– They safety pass through crossroads.
– They keep safety distance from other agents (cars).
– They keep basic rules defined in Highway Code.

Particular situation is solved during the internal agent’s life with respect to
agent’s ability to make decisions. Finally, overall MAS development and sim-
ulation can be generally divided into steps as real world requirement analysis,
Agents’ begahirs modeling, source code generation, simulation, visualization, etc.
So, the development of particular agents is only part of this overall process.

4.2 Traffic MAS Architecture

The figure 4 illustrates mentioned MAS architecture. Platforms 1 and 3 represent
two parts of the real world, e.g. a town district with a separated parking lot.
The data of such platform consists of a traffic infrastructure map. Next, each
platform has a description of traffic elements located on the traffic infrastructure.
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Finally, the data holds the information on mobile agents obtained from proxy
agents. Generally, particular platform data reflects the state of the real world.
Second parts of these platforms make environments for system agents which are
responsible for communication with other agents (Proxy agents), map services
(MapDispatcher agent) and for agent registration (WorldRegister agent). The
platform 2 consists of mobile agents that represent cars moving in the real world.
The platform 2 can be distributed on many hardware nodes according to FIPA
standard.

Fig. 4. MAS architecture for traffic simulation

The main relationships between platforms/agents are described in the follow-
ing points (see the figure 4).

– A single car (Agent CarA) registers itself into a given part of the world
(Platform 1). It is done through the communication with WorldRegister
agent that also creates a proxy agent for Agent CarA (st. like proxy in the
Object Oriented Programming).

– This connection provides an access to map services (road finding, infras-
tructure description, etc.) ensured by MapDispatcher agent (see the Yellow
Pages in [18]).

– This communication realizes a synchronization of mobile agent data. It runs
during whole car agent’s life.

– Mobile agents can communicate between each other to negotiate emergency
situations and/or to get some new knowledge, addition information on sur-
rounding world, etc.

5 Car as an Intelligent Agent

Previously mentioned approach of reconfiguration is applied within every car
agent. Moreover, a car agent needs certain form of inner structure for intelligent
determination. The basic features of an intelligent mobile agent are perception,
decision making and acting. [19] [20]
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Perception. It is a natural feature of each live organism and the same holds
for the intelligent agent. The perceptions are based on technical facilities. There
are several information sources, e.g:

– sensors – speed information, accelerometer data, distance measurement, cam-
era data, temperature, GPS or another positioning system, etc.

– computed knowledge – the information based on some approaches (logic,
soft-computing, experting, etc.) that bring added values to the raw data
from sensors or data sources, e.g. meteorological characteristics [21].

– GIS data – mostly infrastructure data, type and quality of roads, traffic signs
locations and areas, etc.

– communication with other agents – interaction data passed with surrounding
agents. Generally, it can be multi-agent communication as well as special
approaches like Car2Car, Car2X, etc. [22] [23]

An Implementation of a car agent in the real operation needs some hardware
sensors, e.g. digital cameras, ultrasonic detectors, GPS, etc. Nevertheless, this
research deals with software simulated perceptions. According to the mentioned
architecture, the proxy agents ensure such kind of sensors. These agents have full
access to platform information and can simulate sight and location of substituted
agents. Provided data is sent by proxy agent to its car agent via ACL message.

The last information source appears from communication among agents. Agents
can interchange some knowledge (traffic jam, accident location, etc.) or they use
services (parking payment, call for help, etc.).

Decision Making. A rational agent in a multi-agent world is able to reason
about the world (what holds true and what does not), about its own cognitive
state, and about that of other agents [24]. A theory formalizing reasoning of
autonomous intelligent agents has thus to be able to “talk about” and quantify
over the objects of agents’ attitudes, iterate attitudes of distinct agents, express
self-referential statements and respect different inferential abilities of agents.
Since agents have to communicate, react to particular events in the outer world,
learn by experience and be less or more intelligent, a powerful logical tool is of
a critical importance.

Acting. Acting is a natural consequence of two previous features. It means the
concrete process firing which leads to pass agent’s objectives. At the end of this,
agent’s state, as well as the state of whole MAS, has to be updated. Then, the
process compound of perception, decision making, and acting is repeated.

6 Complex Architecture Example

The described architecture of whole simulation and operation model is ready to
be released as a robust framework for agents, management elements and infras-
tructure model. The simulation time shot is depicted (Fig. 5) as a screenshot
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Fig. 5. Screenshot of AgensStudio with more complex simulation model

of AgentStudio application. There are more cars, more crossroads and roads.
Also the JADE platform manager is presented there. it is upon on implemneta-
tion if the cars (agents) are implemented as real object with real world data or
as pure simulation object with generated data.

7 Conclusion and Future Work

The result of our research on Agent bahevior specification was described in this
paper. The extended UML diagrams (ABD) were used to model agents’ be-
haviors. The reconfiguration principles were developed and implemented in the
AgentStudio application. So, in previous papers we prosented the vasic ideas of
behavior specification and reconfiguration with. In this paper, we introduced the
relation of ABD with formalization based on Petri Nets/Workflow Nets that is
ground for the automated transformation, verification and implemetation. The
future work attention has to be paid to imperfect and vague information, spe-
cially according to automated transformation and Workflow Nets interpretation
as well as formal specification of some parts of our approach.
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Abstract. This multidisciplinary research analyzes the atmospheric pollution 
conditions of two different places in Czech Republic. The case study is based 
on real data provided by the Czech Hydrometeorological Institute along the pe-
riod between 2006 and 2010. Seven variables with atmospheric pollution  
information are considered. Different Soft Computing models are applied to  
reduce the dimensionality of this data set and show the variability of the atmos-
pheric pollution conditions among the two places selected, as well as the  
significant variability of the air quality along the time. 

Keywords: Artificial neural networks, soft computing, meteorology, statistical 
models, environmental conditions. 

1   Introduction 

Soft computing [1] [2] [3] consists of various techniques which are used to solve in-
exact and complex problems. It is used to investigate, simulate, and analyze complex 
issues and phenomena in an attempt to solve real-world problems. 

There are many studies based on the application of different soft computing para-
digms [4] [5] [6] to the field of air quality and environmental conditions. Some of 
them are based in the Czech Republic [7] where an air quality model is approached. 
Other studies visualize high dimensionality data sets with environmental information 
in order to find patterns of behavior in the climatology and pollution in local areas [8] 
or global areas [9]. 

In this study it is tested the validity of soft computing models to analyze the at-
mospheric pollution in two different places in Czech Republic. The data are provided 
by the ISKO (Czech Hydrometeorological Institute) [10]. 
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The Czech Republic is the object of this study for its important tradition in the field 
of environmental conditions analysis [11]. This is a contribution to the study of envi-
ronmental pollution in areas of high industrial activity.  

The rest of this study is organized as follows. Section 2 presents the soft computing 
paradigms applied throughout this research. Section 3 details the real case study and 
Section 4 describes the experiments and results. Finally, Section 5 sets out the conclu-
sions and future work. 

2   Soft Computing Techniques 

In order to analyze data sets with atmospheric pollution information, several dimen-
sionality reduction techniques are applied, although the results are only shown for 
those that achieve the best performance. 

Principal Components Analysis (PCA). PCA [12] gives the best linear data 
compression in terms of least mean square error and can be implemented by several 
artificial neural networks [13] [14]. 

Isometric Featured Mapping (ISOMAP). ISOMAP [15] is a nonlinear dimensionality 
reduction method which preserves the global properties of the data. Methods for 
nonlinear dimensionality reduction have proven successful in many applications, 
although the weakness of a method such as Multidimensional Scaling (MDS) [16] is 
that they are based on Euclidean distances and do not take the distribution of the 
neighboring data points into account. ISOMAP nonlinear dimensionality reduction [17] 
resolves this problem by attempting to preserve pairwise geodesic (or curvilinear) 
distance between data points. Geodesic distance is the distance between two points 
measured over the manifold. ISOMAP defines the geodesic distance as the sum of edge 
weights along the shortest path between two nodes (computed using Dijkstra's algorithm 
[18], for example). The doubly-centered geodesic distance matrix K in ISOMAP is 
presented by “Eq. 1”: 
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Where D2=D2
ij means the element wise square of the geodesic distance matrix 

D=[Dij], and H is the centring matrix, given by “Eq. 2”: 
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In which eN=[1…1]T ∈ RN. 
The top N eigenvectors of the geodesic distance matrix represent the coordinates in 

the new n-dimensional Euclidean space. 

Local Linear Embedding (LLE). LLE [19] is an unsupervised learning algorithm 
that computes low-dimensional, neighborhood-preserving embeddings of high-
dimensional inputs [20]. LLE attempts to discover nonlinear structure in high 
dimensional data by exploiting the local symmetries of linear reconstructions. 
Notably, LLE maps its inputs into a single global coordinate system of lower 
dimensionality, and its optimizations — though capable of generating highly 
nonlinear embeddings — do not involve local minima. 



Soft Computing Techniques Applied to a Case Study of Air Quality in Industrial Areas 539 

Suppose the data consist of N real-valued vectors xi, each of dimensionality D, 
sampled from some smooth underlying manifold. Provided there is sufficient data 
(such that the manifold is well-sampled), it is expected that each data point and its re-
spective neighbors will lie on or close to a locally linear patch of the manifold. The 
method can be defined as follows: 

1. Compute the neighbors of each vector, xi. 
2. Compute the weights Wij that best reconstruct each vector xi from its neighbors mi-

nimizing the cost in by constrained linear fits, “Eq. 3”. 
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3. Finally, find point yi in a lower dimensional space to minimize:, “Eq. 4”: 
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This cost function in “Eq. 4” like the previous one in “Eq. 3” is based on locally linear 
reconstruction errors, but here the weights Wij are fixed while optimizing the coordi-
nates yi. The embedding cost in “Eq. 4” defines a quadratic form in the vectors yi.  

3   An Atmospheric Pollution Real Case Study 

This multidisciplinary study is focused on the analysis of real pollution data recorded 
in the Czech Republic [21]. It is based on the information collected by the national 
network stations in the Czeh Republic. The National air pollution network (SIS) is an 
open network [22], member of the International Air Quality network AIRNOW [23]. 
This network classifies the stations as traffic, urban, suburban, rural and industrial sta-
tions. In this study two industrial data acquisition stations are selected in order to ana-
lyze its air pollution. 

1. Station coded as TOPRA, located in Ostrava-Privoz, Region Moravskoslezsky. 
Coordinates: 49° 51´ North latitude 18° 16´ East longitude, 207 masl (meters 
above sea level), the official estimated population of Ostrava was 310,464 inhabi-
tants in 2011. The main industrial activity is focused on steel works, concentrates 
on metallurgy and machine engineering. 

2. Station coded as SVELA, located in Veltrusy, Region Stredocesky. Coordinates: 
50° 16´ North latitude 14° 19´ East longitude, 174 masl, 1,600 inhabitants. The 
main industrial activity is focused on engineering, chemical industry, food indus-
try, glass industry, ceramics manufacture and printing industry. 

The years under study are the following: 2006, 2008, 2009, 2010. Year 2007 is omit-
ted because there are multiple data corrupt or missing, (the monthly summarized da-
tabase is used). The study is focused on the twelve months of 2006, 2008, 2009 and 
2010 and the 2 stations analyzed, 12 samples for each station and year, one sample 
per month. There is a total of 96 samples. In this research, the following seven va-
riables were analyzed: 



540 Á. Arroyo et al. 

• Nitrogen Oxide (NO) - ug/m3, Nitrogen Dioxide (NO2)-ug/m³, Nitrogen Oxides 
(NOx) - ug/m3, Particulate Matter (PM10) - ug/m³, Sulphur Dioxide (SO2) - ug/m3. 
The choice of these contaminants is because they represent the majority of air 
emissions in areas of industrial activity.  

• Benzene (BZN) - ug/m3, Toluene (TLN) - ug/m3. These contaminants belong to the 
Volatile Organic Compounds (VOCs). VOCs are linked to automobile emissions 
as a result of incomplete gas combustion. VOCs are also used in the production of 
paints, varnishes, lacquers, thinners, adhesives, plastics, resins and synthetic fibers. 

This study examines the performance of several statistical and soft computing meth-
ods, in order to analyze the behaviour of the pollutants cited above to compare the air 
quality of an important industrial area in Czech Republic as Ostrava with other indus-
trial point located in a very different location in Czech Republic as Veltrusy, along a 
wide period of time.  

4   Results and Discussions 

The results shown below correspond to the mean monthly values of the parameters 
described in the previous section, after applying the soft computing methods de-
scribed above for clustering and dimensionality reduction: 

Table 1. Label interpretation for (Figure 1, Figure 2 and Figure 3) 

First Parameter - 
Month 

Second Parameter 
- Year 

Third Parameter - 
Station 

(1 to 12) 2006, 2008, 2009, 
2010 

O – Ostrava - Privoz 

V – Veltrusy 

 

Fig. 1. PCA projections 
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Fig. 1. PCA identifies two main clusters, C1 corresponds with the samples related 
to Ostrava station and C2 corresponds with the samples of Veltrusy station. In cluster 
C1 there is an important concentration of samples corresponding to the seasons of 
spring and summer, (see Table 2). The samples in C1 corresponding to the seasons of 
winter and autumn are not so concentrated and present high levels of air pollution. 
Table 2 indicates the high values of PM10 and NOx. The points labeled with ‘1/10/O’ 
and ‘1/06/O’ represents the days when the levels of SO2 and specially PM10 reach 
values which exceed the health protection fixed in 40 ug/m³ [24], in more than 80 
ug/m³ in both cases. In [24], the report about stations with annual average concentra-
tion corroborates this fact. Cluster C2 (see Fig. 1) contains the samples corresponding 
to the seasons of spring, summer and autumn in Veltrusy, where the levels of air pol-
lution are lower than winter in Veltrusy and lower than in Ostrava. In the season of 
winter, the concentration of NOx is higher than in the rest of the year in both stations. 

Table 2. Samples of each cluster identified by PCA and the range of values of each variable 
and units 

Cluster # Samples 

C1 2/10/O 3/10/O 4/10/O 5/10/O 6/10/O 7/10/O 8/10/O 9/10/O 10/10/O 11/10/O 12/10/O 1/09/O 2/09/O 3/09/O 4/09/O 5/09/O 

6/09/O 7/09/O 8/09/O 9/09/O 10/09/O 11/09O/ 12/09/O 1/08/O 2/08/O 3/08/O 4/08/O 5/08/O 6/08/O 7/08/O 8/08/O 9/08/O 

10/08/O 11/08/O 12/08/O 2/06/O 3/06/O 4/06/O 5/06/O 6/06/O 7/06/O 8/06/O 9/06/O 10/06/O 11/06/O 12/06/O. Total num-

ber of samples: 46 

Var. BZN (ug/m3) TLN (ug/m3) SO2 (ug/m³) PM10 (ug/m³) NO2(ug/m³) NO (ug/m³) NOX (ug/m³) 

Range of 
values 

2.2-21.9 4.3 -26.4 4.3 – 20.3 30.7 – 87.2 3.0-28.9 3.0-26.1 25.0-76.4 

Descrip-
tion 

Groups all the samples from the station based in Ostrava, except ‘1/10/O’ and ‘1/06/O’. High 
values of PM10 and NOx in the season of winter 

C21 3/10/V 4/10/V 5/10/V 6/10/V 7/10/V 8/10/V 9/10/V 10/10/V 3/09/V 4/09/V 5/09/V 6/09/V 7/09/V 8/09/V 9/09/V 10/09/V 

11/09/V 3/08/V 4/08/V 5/08/V 6/08/V 7/08/V 8/08/V 9/08/V 10/08/V 11/08/V 12/08/V 1/06/V 11/06/V 12/06/V. Total num-

ber of samples: 30 

Range of 
Values 

0.4 – 10.3 0.2 – 22.9 2.6 – 6.4 9.7 – 24.0 11.4 – 27.8 0.9 – 15.8 12.0 – 46.5 

Descrip-
tion 

Groups most of the samples from the station based in Veltrusy, samples corresponding to the 
seasons of spring, summer and autumn. High values only in NOx. 

C22 1/10/V 2/10/V 11/10/V 12/10/V 1/09/V 2/09/V 12/09/V 1/08/V 2/08/V 11/08/V 12/08/V 1/06/V 11/06/V 12/06/V. Total num-

ber of samples: 16 

Range of 
Values 

1.3 – 10.5 1.2 – 14.6 2.6 – 11.8 11.5 – 28.1 23.9 – 40 3.4 – 17.9 30.0 – 75.0 

Descrip-
tion 

Groups most of the samples from the station based in Veltrusy corresponding to the season of 
winter. The samples with very high levels of NOx are located out of the cluster. 
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Fig. 2. LLE projections. Number of dimensions: 2, Neighbors: 20. Applies Euclidian distance 
function.  

Fig. 2. LLE identifies the same two clusters of data than PCA (see Fig. 1) but in a 
more clear way. LLE is also capable of differentiating two subclusters of data (C11 
and C12), corresponding to the samples of data in C1 (see Fig. 1). C11 corresponds to 
the most samples of winter in Ostrava (see Table 3). These samples offer the highest 
values of air pollution presenting in the data set, and C12 corresponds to the samples 
of the rest of the year. LLE in this case is more sensitive with samples with very high 
value in any of its parameters; i.e. (‘2/06/O’, ‘3/06/O’), where an important level of 
PM10 is detected and ‘1/08/V’ and ‘2/08/V’ where the concentrations of NO, NO2, 
NOX and PM10 are higher than in the rest of the year.  

Table 3. Samples of each cluster identified by LLE and the range of values of each variable and units 

Cluster # Samples 

C11 11/10/O 12/10/O 1/09/O 2/09/O 11/09/O 12/09/O 1/08/O 2/08/O 11/08/O 12/08/O 11/06/O 12/06/O. Total number of 

samples: 12 

Var. BZN (ug/m3) TLN(ug/m3) SO2 (ug/m³) PM10(ug/m³)NO2 (ug/m³) NO (ug/m³) NOX (ug/m³) 

Range of 
Values 

5.0 – 10.9 1.6 – 6.9 6.7 – 20.3 48.2 – 76.5 30.2 – 44.2 16.4 - 31 49.9 – 76.4 

Description Groups most of the samples of winter based in Ostrava. These samples offer the highest 
values of air pollution presenting in the data set. The samples with the maximum levels of 
NOx  and PM10 are located out of the cluster. 

C12 3/10/O 4/10/O 5/10/O 6/10/O 7/10/O 8/10/O 9/10/O 10/10/O 3/09/O 4/09/O 5/09/O 6/09/O 7/09/O 8/09/O 9/09/O 

10/09/O 3/08/O 4/08/O 5/08/O 6/08/O 7/08/O 8/08/O 9/08/O 10/08/O 3/06/O 4/06/O 5/06/O 6/06/O 7/06/O 8/06/O 

9/06/O 10/06/O. Total number of samples: 32 
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Table 3. (Continued) 

Range of 
Values 

3.1 – 21.9 1.6 – 8.0 4.1 – 16.7 26.4 – 75.0 21.0 – 42.3 2.8 – 21.9 25.0 – 68.1 

Description Groups most of the samples of summer, spring and autumn based in Ostrava. These sam-
ples offer high values of pollution, but not so high as in C11. 

C21 3/10/V 4/10/V 5/10/V 6/10/V 7/10/V 8/10/V 9/10/V 10/10/V 3/09/V 4/09/V 5/09/V 6/09/V 7/09/V 8/09/V 9/09/V 

10/09/V 11/09/V 3/08/V 4/08/V 5/08/V 6/08/V 7/08/V 8/08/V 9/08/V 10/08/V 11/08/V 12/08/V 1/06/V 11/06/V 

12/06/V. Total number of samples: 30 

Range of 
Values 

0.4 – 10.3 0.2 – 22.9 2.6 – 6.4 9.7 - 24 11.4 – 27.8 0.9 – 15.8 12.0 – 46.5 

Description Groups most of the samples from the station located in Veltrusy, samples corresponding to 
the seasons of spring, summer and autumn. High values only of NOx. 

C22 1/10/V 2/10/V 11/10/V 12/10/V 1/09/V 2/09/V 2/09/V 11/08/V 12/08/V 1/06/V 12/06/V. Total number of samples: 11 

Range of 
Values 

1.3 – 10.5 1.2 – 14.6 2.6 – 11.8 11.0 – 28.1 22.3 – 38.4 3.4 – 12.1 30.0 – 54.4 

Description Groups most of the samples from the station located in Veltrusy corresponding to the sea-
son of winter. Very high values of NOx. 

 

 

Fig. 3. ISOMAP projections. Number of dimensions: 2, Number of neighbors: 12. Applies 
Geodesic distance function, using Dijkstra's algorithm.  

Fig. 3. ISOMAP offers the most clear results. Identifies four clusters as LLE does 
(LLE), but in a more sparse way. The clusters contain the same samples of data than 
applying LLE, except C11 (see Table 4). The drawback is that ISOMAP can not iden-
tify isolate samples with unusually high values in any of its parameters, as LLE does  
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(see Fig. 2), which is very useful to identify exceptional situations. This property of 
ISOMAP is due to the fact that this method tries to preserve the global properties of 
the data, which may be an advantage or a disadvantage depending on the situation. 

Table 4. Samples of each cluster identified by ISOMAP and the range of values of each varia-
ble and units 

Cluster # Samples 

C11 11/10/O 12/10/O 1/09/O 2/09/O 11/09/O 12/09/O 1/08/O 2/08/O 11/08/O 12/08/O 11/06/O 12/06/O 9/08/O 9/10/O 

10/10/O 10/09/O 6/06/O. Total number of samples: 17 

Var. BZN (ug/m3) TLN (ug/m3) SO2 (ug/m³) PM10(ug/m³)NO2(ug/m³) NO (ug/m³) NOX (ug/m³) 

Range of 
Values 

2.2 – 16.6 1.6 – 6.9 6.2 – 33.2 28.9 – 123.7 21.1 – 48.5 2.8 – 27.7 25.0 – 76.4 

DescriptionGroups most of the samples of winter based in Ostrava. These samples offer the highest 
values of air pollution presenting in the data set. ISOMAP is able to group samples than in 
LLE are located out of the cluster (see Fig. 2). 

C12 3/10/O 4/10/O 5/10/O 6/10/O 7/10/O 8/10/O 9/10/O 10/10/O 3/09/O 4/09/O 5/09/O 6/09/O 7/09/O 8/09/O 9/09/O 

10/09/O 3/08/O 4/08/O 5/08/O 6/08/O 7/08/O 8/08/O 9/08/O 10/08/O 1/06/O 2/06/O 3/06/O 4/06/O 5/06/O 7/06/O 

8/06/O 9/06/O 10/06/O 1/06/V 5/06/V 6/06/V 7/06/V 8/06/V. Total number of samples: 38 

Range of 
Values 

3.1 – 21.9 1.6 – 29.9 2.8 – 26.4 10.1 – 130.1 12.8 – 51.5 3.0 – 21.9 17.7 – 88.6 

DescriptionGroups most of the samples of summer, spring and autumn based in Ostrava. These sam-
ples offer high values of air pollution but not so high as in C11. This time some samples 
based in Veltrusy are presented, those with a similar pollution to Ostrava, belong to the 
season of summer of 2006.  

C21 3/10/V 4/10/V 5/10/V 6/10/V 7/10/V 8/10/V 9/10/V 10/10/V 3/09/V 4/09/V 5/09/V 6/09/V 7/09/V 8/09/V 9/09/V 

10/09/V 11/09/V 3/08/V 4/08/V 5/08/V 6/08/V 7/08/V 8/08/V 9/08/V 10/08/ 11/06/V 12/06/V. Total number of samples: 

27 

Range of 
Values 

0.5 – 3.1 0.2 - 3.5 0.6 – 4.5 9.7 – 19.9 10.3 – 31.5 0.9 – 7.6 12.0 – 29.6 

C22 1/10/V 2/10/V 11/10/V 12/10/V 1/09/V 2/09/V 1/08/V 2/08/V 11/08/V 12/08/V 10/06/V 11/06V 12/06/V. Total number 

of samples: 13 

Range of 
Values 

0.4 – 10.5 0.2 – 14.6 2.6 – 11.8 11.0 – 28.1 22.3 – 40.0 3.4 – 25.0 30.0 – 75.0 

DescriptionGroups most of the samples from the station located in Veltrusy corresponding to the sea-
son of winter. Very high values of NOx. 

5   Conclusions 

This study shows the different values of air pollution over several years in two Czech 
Republic localities with high industrial activity, Ostrava - Privoz and Veltrusy, appre-
ciating higher levels in Ostrava. The study also reflects a similar behavior in both of 
the localities along the year, showing a significant increase of air pollution in the sea-
son of winter, especially in January. The pollutant with a higher increase of level  
in winter is PM10 and in a less important way NOX. Ostrava is an important core of 
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industrial production, especially production of steel and metal industries. These metal 
industries emit large amounts of PM10 and NOx, which justifies these results, also the 
heavy traffic, specially the diesel engine type, represent another major source of 
PM10 emissions to the atmosphere. The high industrial production in winter and the 
low levels of precipitations in the first months of the year lead to more air pollution in 
winter. In Veltrusy the type of industry is different and more diversified than in Os-
trava, resulting in a slight increase in all contaminants in winter when the weather is 
drier, but not so marked an increase of PM10 as in Ostrava. 

Finally, the study demonstrates the behavior of the methods applied. PCA is the 
first method used in the data analysis process. It identifies the internal structure of the 
data. The rest of the techniques applied reaffirms and improves these graphical re-
sults. ISOMAP is able to group the data in compacted clusters. LLE is able to identify 
these same clusters and also detect unusual or interesting situations, that could be due 
to abnormal climatological situations in those days of high pollution, identifying these 
significant data points. 
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