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Preface

PAAMS’15 Special Sessions are a very useful tool in order to complement the regular
program with new or emerging topics of particular interest to the participating commu-
nity. Special Sessions that emphasized on multi-disciplinary and transversal aspects, as
well as cutting-edge topics were especially encouraged and welcome.

Research on Agents and Multi-Agent Systems has matured during the last decade
and many effective applications of this technology are now deployed. An international
forum to present and discuss the latest scientific developments and their effective appli-
cations, to assess the impact of the approach, and to facilitate technology transfer, has
become a necessity.

PAAMS, the International Conference on Practical Applications of Agents and
Multi-Agent Systems is an evolution of the International Workshop on Practical Appli-
cations of Agents and Multi-Agent Systems. PAAMS is an international yearly tribune
to present, to discuss, and to disseminate the latest developments and the most impor-
tant outcomes related to real-world applications. It provides a unique opportunity to
bring multi-disciplinary experts, academics and practitioners together to exchange their
experience in the development of Agents and Multi-Agent Systems.

This volume presents the papers that have been accepted for the 2015 special sessions:
Agents Behaviours and Artificial Markets (ABAM); Agents and Mobile Devices (AM);
Multi-Agent Systems and Ambient Intelligence (MASMAI); Web Mining and Recom-
mender systems (WebMiRes); Learning, Agents and Formal Languages (LAFLang);
Agent-based Modeling of Sustainable Behavior and Green Economies (AMSBGE);
Emotional Software Agents (SSESA) and Intelligent Educational Systems (SSIES). The
volume also includes the paper accepted for the Doctoral Consortium in PAAMS 2015.

We would like to thank all the contributing authors, the members of the Program
Committee, the sponsors (IEEE SMC Spain, IBM, AEPIA, AFIA, AAAI, APPIA,
ARIA, ATIA, BNVKI, SADIO, SBC, KI, University of Salamanca and CNRS) and the
Organizing Committee for their hard and highly valuable work. Their work has helped
to contribute to the success of the PAAMS’15 event. Thanks for your help – PAAMS’15
would not exist without your contribution.

Javier Bajo
PAAMS’15 Organizing Committee Chair
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Behavioral and Informational Agents-Based
Modeling and Simulation of Emerging Stock

Markets

Hazem Krichene1 and Mhamed-Ali El-Aroui1,2

1 LARODEC, ISG de Tunis, Tunisia
krichene.hazem@gmail.com

2 Université de Carthage, FSEG Nabeul, Tunisia
mhamed.elaroui@yahoo.com

Abstract This work presents an artificial order-driven market popu-
lated by heterogeneous agents characterized by mixed behaviors and
shared information. This market is designed to reproduce immature
markets stylized facts based mainly on important asymmetric informa-
tion and herd behaviors. Information flows are modeled by a directed
weighted network. The important information asymmetry is modeled by
different assortative network behaviors. Our experimental findings show
that the artificial market developed here was able to reproduce the main
features characterizing immature stock markets.

Keywords: Agent-Based Model, Immature Financial Markets, Network
Theory, Information Asymmetry, Herd Behavior, Assortative Network.

1 Introduction

Artificial markets based on multi-agent simulation, as [3], emerged due to the
characterization of financial markets as complex fractal systems. This field tends
to explain stock market dynamics based on the reproduction of universal styl-
ized facts (fat tails on returns distribution, absence of returns autocorrelation,
volatility clustering...) observed on mature markets, as found by [5]. However,
the important work of Bekaert and Harvey on the characteristics of emerging
markets, [1], stated that emerging markets are mainly characterized by impor-
tant asymmetric information due to the influence of local irregular channels of
information transmission. They explained the high predictability of returns by
the high correlation to local information and the low informational efficiency.
Nowadays, aside from empirical studies, we remark an absence of works tend-
ing to explain these emerging markets stylized facts based on artificial markets.
Thus, the aim of this work is to use behavioral and informationally heterogeneous
agents to model immature market specificities, based on asymmetric informa-
tion and investors herd behavior. Then, our work will be inspired by Pastore et
al. (2010) to introduce an investors network modeling the information spread
through sentiments. We will improve the modeling in [8] by introducing a scale-
free directed weighted network based on [2] where agents represented by nodes

c© Springer International Publishing Switzerland 2015 3
J. Bajo et al. (eds.), Trends in Prac. Appl. of Agents, Multi-Agent Sys. and Sustainability,
Advances in Intelligent Systems and Computing 372, DOI: 10.1007/978-3-319-19629-9_1



4 H. Krichene and Mhamed-Ali El-Aroui

have mixed behaviors (fundamentalist, chartist and noise trading as in [4]). This
will reproduce assortative1 behaviors which will be linked, as explained in section
3, to asymmetric information.

This paper is structured as follows: section 2 presents the modeling of the
considered traders behaviors that interact on a social network according to their
beliefs. In section 3, simulations are carried out under our choice of network
topology dynamics and agents’ behaviors structure to determine the way of
emergence of immature markets stylized facts. In section 4, concluding remarks
are presented.

2 Behavioral Network for Simulating Markets with
Asymmetric Information

We introduce a Behavioral and Informational Agents-Based Model (denoted
BI-ABM) that models N heterogeneous agents who trade a single risky asset,
having an initial price, PF = 10, on a limit order-driven market. Agent i takes
its investment decision by combining its trading behavior and the information
shared with its neighbors on a behavioral network, through social sentiment.

2.1 Agent Characteristics

Each agent, i, is endowed by an initial cash, Ci,0 → Unif.[0,50.PF ], an initial
amount of owned assets Ai,0 → Unif.[0,50] and an initial sentiment Si,0. As pre-
sented by [4], agent i forms its trading behavior according to a mix of random
weights g1

i > 0, g2
i > 0 and ni > 0 representing respectively its degrees of funda-

mentalism, chartism and noisy trading. These random weights are generated, at
the initialization, according to exponential probability distributions of respective
means σ1, σ2 and σn (σn is fixed here to 0.1 modeling very low presence of noise
traders). Finally, based on its behavior, agent i has a relative risk aversion, αi,t,
that will evolve during time, and a time horizon τi reflecting its visibility, that
is kept constant during time, measured as defined by [4]:

αi,0 =α0(1+g1
i )/(1+g2

i ) and τi =τ0(1+g1
i )/(1+g2

i ) with (α0, τ0)=(0.1, 100) .
(1)

Based on Eq. (1), agents with higher fundamentalist component have more risk
aversion and longer time horizon, giving them an additional ability to analyze
market fluctuations and consequently better investment strategies than chartist
agents. These properties make fundamentalists more informed than chartists.

1 In an assortative network, attachments are established between nodes of similar
specificities [6, 7].
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2.2 Behavioral Network with Preferential Attachment

Stock markets are places where agents trade and share information about assets
fluctuations, based on their social relationships, i.e. each agent exerts and under-
goes social influence, through its perception and its strategic behavior. In this
way, we assume as [8] that information flows can be represented by a directed
weighted network, modeling the fact that social influences are asymmetric. How-
ever, the network modeling is improved here by considering a growth scale-free
network able to reproduce assortative dynamics. We start from the growing di-
rected scale-free network proposed by Bollobás et al. (2003) and introduce several
improvements. Agent exerts influence through its sentiment and undergoes in-
fluence through social sentiment. For this reason the weight of each direct edge,
from agent i to agent j, depends on the behavior of the influential agent, i.e. more
the agent has a fundamentalist behavior more its influence on the financial mar-
ket is important. Then, this relation weight is given by: wij = g1

i /(g1
i + g2

i + ni).
Second, based on the complex structure and connectivity on a financial market
we assume that an agent may have multiple relations, which are reflected by an
initial in-out edges number chosen randomly in {1, . . . , m}. Thus, by increas-
ing m, we will have more social influence and less rational investment decision.
Our last contribution concerns the introduction of assortative dynamics as pro-
posed by [7]: the new introduced node i tends to connect to the neighbor l of its
neighbor j, where l is chosen randomly according to the following probabilities:
P (l) = (sα

l )θ/
∑

n∈Γl
(sα

n)θ where sα
n is the total weight of α-edges and α ≡ in in

the case of out-edge from i to l and α ≡ out in the case of in-edge from i to l. θ is
the variable that explains clustering on the network, i.e. lower is θ more probable
are the clusters formation and more pronounced are the attachment between sim-
ilar behavior agents. Γl denotes the neighbors set of node l. Therefore, by varying
the couple (m, θ) we will be able to reproduce different assortative dynamics on
the network. More details on the role of (m, θ) are given in Tab. 1. Therefore,
we have four assortative measures rα,β where (α, β) ∈ (in,out)-edge (see [6]):
for rα,β > 0, we are talking about assortative network, while, for rα,β < 0 we
have a disassortative network. For eg. in the case of in-in assortativity, agents
with high in-edges weights prefer an attachment with agents with high in-edges
weights, viceversa for in-in disassortativity. We will detail later (section 3) how
assortativity can be linked to asymmetric information microstructure.

2.3 Market Design

The mechanism of BI-ABM algorithm is described through the following pseudo
code (Algorithm 1.). We assume that independently from its social position and
its wealth, at each step any agent has the chance to trade on the market. Then,
through BI-ABM we choose randomly an agent to submit its investment desire.
To take its decision, agent forms its sentiment towards the market activity based
on its last strategy performance measure Ui,t which depends on its last profit,
πi,t, and on the performance feedback of its in-neighbors Us

i,t. In other words,
agent i forms a perception based on its belief and on the social atmosphere.
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Therefore, we support the ability of agent i to observe the general performance
of its in-neighbors by referring to its ability to be informed through social chan-
nels on asset performance before taking its investment decision. The market
sentiment has an impact on agent i risk aversion which changes according to
its new perception. Finally based on its sentiment, its risk aversion and its time
visibility τi, agent i desires a quantity Qd

i,t and a limit price pi,t, that depends
also on the current price pt. By comparing the desired quantity to its actual
portfolio, agent i takes its investment decision through an order submission.

Algorithm 1. BI-ABM pseudo code
Initialize(N, t = 0, T, PF , σ1, σ2, σn, m, θ, α0, τ 0)
for i = 1 : N do

Simulate(Ai,0, Ci,0, g1
i , g2

i , ni)
Calculate(αi,0, τi)

end for
Initialize(Behavioral Network)
while t < T do

i ← Random(1, N)
Ui,t ← Function(Ui,t−1, πi,t)
Si,t ← Function(Ui,t, Us

i,t)
αi,t ← Function(αi,t−1, Si,t)
pi,t ← Function(pt, Si,t, τi)
Qd

i,t ← Function(Ci,t, pt, αi,t, τi)
if Qd

i,t > Ai,t then
BuyOrder ← (QL

i,t = Qd
i,t − Ai,t, pi,t)

else if Qd
i,t < Ai,t then

SellOrder ← (QL
i,t = Ai,t − Qd

i,t, pi,t)
end if
t ← Simulate(Time)

end while

2.4 Information Spread and Performance Measure

To improve the information modeling introduced by [8], we assume that infor-
mation flows on the market due to the strategy performance measure defined
by [3]. This measure helps agent i at time t to form its own market perception
through a sentiment Si,t ∈ [−1, 1] quantified as follows:

Si,t = max
(
min

(
a · Ui,t + b · Us

i,t, 1
)

, −1
)

. (2)

Following [8], a denotes the self confidence generated according to a uniform dis-
tribution Unif.[0,0.2] and b is the social confidence defined as b = 0.6 − a, where
the sign of b is randomly changed according to probability 0.5 expressing that at
different step agent may change its confidence towards the social perception (for
b > 0, agent has a social confidence). Based on [3], the performance measure is
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given by: Ui,t = ηUi,t−1+πi,t where πi,t is the surplus of current transaction and
η is the fundamentalist weight of agent i (higher is the fundamentalist weight,
higher is the confidence about its past performance). Let Us

i,t denote the social
influence exerted on agent i from its in-neighbors at time t. Us

i,t is measured by
the weighted performances of agent i in-neighbors.

2.5 Simulating Order Decision

Agent i submits a limit order by defining its limit price, its investment quantity
and its order nature.

Limit Order Price. Agent i begins by analyzing the market volatility, through
the return variance Vi,t along its time horizon τi. Taking into account its psycho-
logical variable Si,t, the limit order price is given by: pi,t = pt[1+Si,t].N(1, Vi,t),
where N(., .) is a simulation from a normal distribution.

Desired Quantity. Risk aversion is defined economically as a behavioral and
psychological variable. We support that risk aversion can not be constant during
time and will depend on the investor subjective perception on stock market. This
is why it should be updated based on agent sentiment on BI-ABM, as follows:
αi,t = αi,t−1 ×Si,t if Si,t > 0 and αi,t = αi,t−1

|Si,t| if Si,t < 0. Then, we assume that
agent i would invest its cash subject to its risk aversion and market volatility
(risk measure). Higher is the market risk, lower is the desired quantity. Therefore,
in BI-ABM we choose a simple form of Qd

i,t as: Qd
i,t = Ci,t/(pt × αi,t × Vi,t).

Limit Order Quantity and Order Nature. The limit order quantity QL
i,t is

defined as follows. Let Δi,t = Qd
i,t −Ai,t, if Δi,t > 0, agent i submits a buy order

(QL
i,t = Δi,t, pi,t). Conversely, if Δi,t < 0, agent i submits a sell order (QL

i,t =
|Δi,t| , pi,t). When executed, the current price is updated by pt = (at + bt)/2.

3 Simulation and Results

In this section different configurations of BI-ABM are simulated in order to
reproduce earlier findings on chartists impact and asymmetric information effects
and to conclude about the role of these two phenomena on reproducing immature
markets stylized facts. The results will be the outcome of 100 000 seconds market
simulation repeated 20 times with different random seeds. Then, we checked the
model robustness by repeating the simulation with small variations of parameters
values, without changing of agent behavior and network topology. The same
general features exposed below were obtained supporting the robustness of the
presented results.
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3.1 Model Parameters and Reproduction of Mature Markets
Stylized Facts with BI-ABM

To reproduce universal stylized facts, we calibrate our model by assigning all
variables. Referring to the literature and to simulation experiments we found the
artificial market configuration that reproduces stylized facts on price series and
scale-free characteristics on simulated network. The Main BI-ABM parameters
values are shown in Tab. 1. For σ2 = 2 and (m, θ) = (3, 1), we generate universal
stylized facts that validate our artificial stock market. The simulated returns
distribution presents fat tails: based on Hill tail index2, the negative tail index
is equal to 3.73, while the positive tail index is equal to 3.95. This distribution
has a negative skewness coefficient (-0.22). All these results are very close to the
characteristics of real markets ([5] found that tail indices of real returns data
are comprised generally between 2 and 5). Other stylized facts concerning the
absence of return autocorrelation and the presence of long range memory on
volatility were proved based on the respective values of Hurst exponent (based
on the modified R/S statistics described in [4]), Hr = 0.48 ≈ 0.5 and H|r| =
0.71 > 0.5 (0.5 is the H value related to the absence of autocorrelation).

Table 1. Main BI-ABM Parameters Values

Parameters Values Comments

N 1000 Agents number on BI-ABM
σ1 10 Fundamentalist presence
σ2 {1, 2, 3} Chartist presence: more chartist reflects more herd behavior
m {1, 3, 10, 20} Social connectivity: higher connectivity reflects more social

influence and less rational decision
θ {−3, −1, 1, 3} Social clusters: lower θ stimulates connection between simi-

lar agents and reduces sharing information between hetero-
geneous agents

3.2 Reproduction of Immature Markets Stylized Facts with
BI-ABM

Based on our tuning parameters σ2 and (m, θ), we aim to find emerging markets
stylized facts and explain their origins based on information asymmetry and
herd behavior of chartist agents.

Emergence of Information Asymmetry Based on Network Topology.
Our aim is to study the different network topologies by varying the parame-
ters (m, θ). The simulated network topologies are then analyzed based on the
assortative coefficients as explained in Subsect. 2.2. By analyzing assortative
measures, we obtain the following results: rin−in, rout−out and rout−in reach
2 Hill tail index measures the tail exponent: the lower it is, the fatter the tail of the

distribution. In real markets the tail index is generally below 4.
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their maximum positive values for m = 20 and θ = −3 (assortativity) and their
minimum negative values for m = 1 and θ = 3 (disassortativity). Then, for the
first and second measures, the increase of m and the decrease of θ stimulate
chartists communities and fundamentalists communities. While, the third mea-
sure, rout−in, shows more herd behavior due to the connection between more
influential agents, fundamentalists, and more influenced agents, chartists. How-
ever, the analysis for rin−out (rm=1,θ=3

in−out = −0.023 and rm=20,θ=−3
in−out = −0.19)

reflects that more influenced agents (chartists) tend to connect to less influential
agents (chartists), when m increases and θ decreases. This yields the emergence
of communities of chartists. Thus, we prove that network topology with higher
m and lower θ stimulates communities between similar behavior agents. There-
fore, fundamentalists will upgrade their strategic decisions based on sentiments
of their fundamentalists neighbors, while chartists will disrupt their strategic
decisions due to the influences exerted by other low informed agents. Thus, we
summarize the previous findings by linking the assortative typology to infor-
mation asymmetry on BI-ABM, one of the most important characteristic of
immature financial markets.

Emergence of Immature Markets Stylized Facts. Turning to literature,
we consider four relevant immature markets stylized facts: heavier tails than
those of mature markets and positive skewness on returns distribution, over pre-
dictability of return and longer memory on volatility. From the results analysis,
we confirm, firstly, the results given by Subsect. 3.1. stipulating the reproduction
of developed market stylized facts. Then, by moving parameters to a microstruc-
ture topology with more asymmetrical information and more herd behavior, we
fall on immature markets stylized facts. Indeed, with high asymmetric informa-
tion, (m, θ) = (20, −3), and important chartist behavior σ2 = 3, we find a return
distribution specified by a positive skewness of 0.15 and heavier tails, comparing
to the mature market microstructure, with Hill indices of 2.7 and 2.75 for the
positive and negative tails respectively. Furthermore, based on Hurst exponent
we find on this market over predictability of returns, Hr = 0.53 > 0.5, and ex-
cess long memory on volatility, measured as autocorrelation of absolute returns,
H|r| = 0.84 > 0.5. Therefore, based on BI-ABM we can move from mature mar-
ket to immature market microstructure as summarized in Tab. 2. These results
confirm that emerging markets stylized facts can be explained by asymmetric
information and investor herd behavior.

4 Main Results and Conclusion

The principal goal of the developed BI-ABM was to improve the agents-based
modeling of financial stock markets to reproduce and explain immature mar-
kets stylized facts. It is assumed that these stylized facts are caused mainly by
asymmetric information and agents herd behaviors. Our main contribution was
to exploit network topology for modeling information asymmetry and investors
sentiments propagation, based on assortativity generated by agents behavior.
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Table 2. BI-ABM from Mature Market Microstructure to Immature Market Mi-
crostructure

Parameters Microstructure Negative Positive Skewness Hr H|r|
Tail Tail

(m, θ) = (3, 1); σ2 = 1 Symmetric typology and
low chartist.

3.80 3.93 −0.12 0.46 0.76

(m, θ) = (10, −1); σ2 = 2 Asymmetric typology
and moderate chartist.

3.43 3.33 0.09 0.49 0.79

(m, θ) = (20, −3); σ2 = 3 High asymmetric typol-
ogy and high chartist.

2.75 2.70 0.15 0.53 0.84

These modeling contributions allowed us to prove that asymmetric information
and herd behavior can reproduce, in agents-based artificial markets, features
characterizing immature financial markets.
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Abstract. We study a stylized model of High Frequency Trading in
which traders equipped with private values and costs operate in a Con-
tinuous Double Auction. They can revise their orders with different
frequencies and, hence, (only) some agents can repeatedly revise and
resubmit orders in the same session, mimicking the behavior of high fre-
quency traders. All agents attempt to maximize profits, learning which
bid and ask is to be posted in a given configuration of the book. We
analyze the efficiency of the resulting market and the way the surplus
from trading is apportioned among agents as a function of the number
and type of high frequency traders. We find that the presence of a small
proportion of high frequency traders increases the overall efficiency of
the market; secondly, the ones who have the chance to frequently revise
the offers learn to extract a disproportionate fraction of the profits that
ordinarily would belong to slow traders.

1 Introduction

High Frequency Trading (HFT) broadly refers to trading strategies involving fast
submission, cancelation and revision of orders in a Continuous Double Auction
(CDA). Often, a massive number of orders is submitted to be left on the book
for very short times and it is estimated that more than 50% of daily stocks
are exchanged by HFT financial firms. There is anecdotal evidence that such
firms are willing to spend hundreds of millions to increase the speed of their
operations by a few milliseconds through the installation of fiber cables in the
ocean or purchasing other related IT infrastructure, (Philips, 2012).

The remarkable surge of HFT in recent years was investigated to assess
whether and to what extent such practices can provide liquidity to slow
and more traditional financial operators, alter the volatility of the market,
(Biais et al., 2014) or contribute to the destabilization of the regular functioning
of exchanges in some specific instances, (Easley et al., 2011).

Clearly, there are issues worth investigating for the policy maker: HFT may
improve the liquidity in the market, as the order book is flooded with thou-
sands of bids or asks. In particular, while market orders consume liquidity,
plenty of limit orders are typically interpreted as a way to provide liquidity
or a way to manage trading akin to what an ordinary market-maker would
do. However, it was insightfully pointed out by (Hasbrouck and Saar, 2009,
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Hasbrouck and Saar, 2013) that the picture is more blurred: a limit order cer-
tainly offers an option to trade to others but, if this opportunity is (only) avail-
able for a fraction of a second, it may be difficult for the “ordinary” trader to
use it and, indeed, the triggered order may reach the market too late or generate
other unexpected and potentially negative effects. Moreover, HFT may generate
intermittent volume and suddenly reduce the number or orders that are posted,
thus enlarging the spread and failing to be reliable source of liquidity.

In this paper we describe a stylized model of HFT in which a set of agents want
to buy or sell a single stock in a trading session. This can be done submitting limit
orders, with no certain execution, or marketable orders that instead immediately
hit the opposite side of the book and are executed at less advantageous prices.
Every trader maximizes his expected profits and must decide the limit price for
a single unit of the stocks. We assume that the limit price is a simple linear
combination of the outstanding best aks and bid at the time of submission, as
in (Ladley and Pellizzari, 2014).

HFT is included in the model allowing some traders to cancel and resubmit
multiple times during a trading session: in contrast to the ordinary agent, who
can send an order only once, the fast trader will have f additional chances to
cancel the previous order (if it was lying in the book unexecuted) and revise
the submission posting a fresh quote or a market order. Clearly, this permits
to exploit orders that appeared after the first submission or, say, to change the
degree of aggressiveness of the order with the conditions of the market. The value
of f spans the speed of the traders and while ordinary, slow traders have f = 0
(no further chance beyond the unique one granted to everyone in the session),
larger values of f are meant to model various intensities of the high frequency
attribute.

We are mainly interested in quantifying the efficiency, if any, that the HF
traders would bring with respect to the same market with slow agents. As a
second target we aim at describing the way profits from trading are distributed
among traders, when a fraction of the agents are engaged in HFT and with a
special concern for the (differential) effects on the remaining slow traders.

In the next Section, we present the model describing the agents, the order
book and how strategies are learned. Section 3 uses simulations to show results
related to the efficiency of the market with/without HFT and how profits from
trading are shared. Finally, we close with some additional remarks.

2 The Model

2.1 The Traders

We consider a standard Continuous Double Auction (CDA) where at each time
step a single trader enters the market. An equal number N of buyers and sellers
are endowed with a positive reservation value vi, i = 1, ..., N or positive cost
ci, i = N+1, ..., 2N . In every trading session they can buy or sell a single unit of
stock and, if a transaction occurs at a price p, the profit πi awarded to the agent
is vi − p or p− ci, respectively. As no profit is made in the lack of a trade, i.e.,
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π = 0, traders have the obvious incentive to exchange their unit, bidding (asking)
less (more) than the value (cost) they are endowed with. Scholars have discussed
other mechanisms to model trading: in (Rosu, 2009), traders are equipped with
a discount rate that penalizes delayed or missed trading differently, allowing
to define sets of patient or impatient traders. We prefer to use private values
and costs because an equilibrium price is easily computed and still impatience is
immediately and intuitively related to the magnitude of values and costs. In fact,
buyers with high values or sellers with low costs suffer large losses if they do not
trade and can be thought as impatient traders; conversely, buyers/sellers with
values and costs close to the equilibrium price can generally obtain small gains
and are nearly indifferent between trading and non-trading, hence resembling
patient traders.

We deal with cancellation in a simplified and non-strategic way: at the end
of every time step each order stored in the book is cancelled1 with (a small)
exogenous probability Pc > 0 that is independent of time, state of the book and of
the specific agent acting in that period. This is the only source of cancellation for
traders whose fi = 0. Fast traders with fi > 0 can have their order exogenously
canceled as just described or intentionally cancel (and resubmit) their order up
to f times after the first submission, if they have not traded yet.

2.2 The Book

At any time t the book is a double sequence of outstanding unit orders

St = {0 ≤ ... ≤ b3t ≤ b2t ≤ b1t < a1t ≤ a2t ≤ a3t ≤ ...},
where b1t, b2t, ... and a1t, a2t, ... are the lists of buy and sell orders in the books.
We often omit the time index for simplicity. The highest bid b1 and lowest ask
a1 are referred as best bid and best ask, respectively.

Traders submit a single order when they enter the market in a random period,
according to the rules mentioned in the previous subsection. As the quantity is
fixed at one unit, the trader must decide the limit price that is computed using
a function of the state of the book and his valuation/cost.

The submission of an (unit) order with limit price l changes the book and
results in an immediate trade, a marketable order, if the bid (ask) is greater
(smaller) than or equal to the best ask (bid). In this case, the two agents in-
volved in the transaction get the associated profits and the book is then updated,
changing one between the best bid or ask. If instead the new order is not mar-
ketable, it is inserted in the book, maintaining its ordering, to be possibly used
in future trades. Any profit occurring after the time of submission t is accrued
in the same way to the parties involved whenever a transaction takes place.

2.3 The Strategy

In real markets, traders can decide the time at which to submit and the limit price
l they want to use (in our model the quantity is fixed at one). The time of first

1 We never cancel the order in the time step in which it is submitted.
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submission is random and drawn independently from any other variable of the
model. We further assume, as in (Ladley and Pellizzari, 2014, Pellizzari, 2011),
that each agent develops his own trading strategy picking the limit price using
the relation

lit = αia1t + βib1t + γi, (1)

where αi, βi and γi are individual constant to be found maximizing expected
profits and a1t, b1t are the best ask and bid at the time t in which the order2

is issued. Agents for which fi > 0 have multiple chances to cancel the orders:
in more detail, in f random periods after the first submission, they can cancel
their unexecuted order and resubmit at different limit prices (that are computed
using (1) with the outstanding best bid and ask at the time of resubmission).

In other words, the model assumes that HFT really is only a matter of how
often one can cancel the order, reevaluate his/her limit price and resubmit the
order.We are aware that this simple approach has limitations and real HF traders
may be more sophisticated in several ways. However, it is clear that having the
chance to cancel and resubmit at high frequency should give an edge to some
traders who can, say, wait-and-see for better market conditions or have a much
higher chance to selectively pick the most beneficial quotes left on the book
for some time. As pointed out by a referee, traders have no budget constraints
and this is a limitation of the present treatment. We believe results are not too
sensitive to this aspect, provided that all traders can buy/sell the same quantity
as done in this model. Notice that even agents who can revise their quotes often
can still buy/sell only once per trading session.

The constants αi, βi and γi in (1) are individually tuned using a Evolution
Strategies (ES) numerical scheme to maximize expected profit (hence, many
sessions are averaged and as a consequence we also smooth the effect of the
random position in the submission queue). The ES method belongs to the family
of evolutionary algorithms and superficially resembles the well known Genetic
Algorithms but requires no binary-coding or discretization of αi, βi, γi and has
self-adapting meta-parameters that can be used to gauge whether convergence
has been reached, see (Beyer and Schwefel, 2002) for an overview.

With no hope to be exhaustive due to lack of space, maximization of profits is
jointly performed by all the traders who learn in pools with the same value/cost
and f : they periodically rank their strategies and deterministically discard the
least performing half. Within each pool, the survived strategies are crossed,
mutated and tested in the market searching for additional improvements. ES
determine a numerical equilibrium in which no agent has further incentive to
alter his/her constants. In such a sense, the outcome is (just) one of the multiple
trading equilibria that can appear given the values of vi, ci, fi. We do not in-
vestigate here the number and properties of different equilibria and are content
with the observation that, whatever they are, the selected triples αi, βi, γi form
a stable configuration that is learnable as proved by the fact that is was indeed

2 We do not model an initial fixing mechanism and assume the best 10 bids/asks of
the previous session are available in the “opening” phase of the next one. We never
observe occurrence of an empty book in any of our simulations.
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built by the ES optimizing procedure, that can be thought as a learning device
in which traders (and their strategies) compete as in the marketplace.

3 Results

3.1 Implementation and Parameters

We simulated the model described in the previous section using N = 120, effec-
tively allowing 240 traders to participate in every trading session. To assess the
variability inherent in any simulation, we have run 20 independent simulations
in which 5000 trading sessions take place. Expected profits are computed av-
eraging 100 trading sessions, after which ES performs selection, recombination
and the so-called s-mutation (for meta-parameters) and y-mutation (for trading
strategies).

All the results are based on the average of 20 simulations, in which we keep the
last trading session (out of the 5000 that were used to “train” the traders towards
optimal extraction of profits). Values and costs are symmetric around 10, which
is therefore the theoretical equilibrium price and cancelation probability Pc is
set at 0.01.

We performed 5 experiments to investigate how HFT affects efficiency and
the way profits are apportioned among traders. Table 1 describes our design
in which, starting from a benchmark case of slow traders alone (f = 0), we
progressively add sets of HF traders (f = 3) with different values and costs. In
all the experiments there are 240 agents, the ex ante equilibrium price is 10 (this
is unknown to traders) and we vary the type and the fraction of HF agents. It is
convenient in the following to label agents according to their values and costs:
in particular, we nickname marginal agents whose value or cost is 10 as calm,
referring to the fact that they have nothing to loose if they fail to trade at the
equilibrium price; using the same intuition, buyers or sellers with v = 14 or c = 6
are nervous, as they feel more the need to trade; finally, when values reach 18
and costs as are low as 2, traders are named as hysteric, to capture the fear for
sizable losses in case of no trade. We remark that the terms calm, nervous and
hysteric are related to personal values and costs and have nothing to do with
the high frequency feature that depends on f . Experiments 2, 3 and 4 increases
the number of HF traders of a single type, respectively, still maintaining the
fraction of HFT at 40/240. Experiment 5 considers a situation where 50% of the
population adopts HFT.

The last column of Table 1 shows the median allocative efficiency reached
in the experiments. Observe that when no HFT is present, agents nevertheless
learn to extract more than 95% of the trading surplus (median value over 20
simulations). As more HF traders are added, efficiency increases reaching a me-
dian value of 100% in Experiment 3, in which half of the hysteric traders use
HFT. The effect is smaller if calm or nervous HFT is included in the market
and the same can be said for Experiment 4 when HF traders belong to all types
(calm, nervous and hysteric). We guess that this retreat in efficiency when many
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Table 1. Description of the 5 experiments. The first row describes the benchmark
case with no HFT and each listed value/cost represents a set of 20 traders. Groups of
HF traders are boldfaced and starred and, for instance, in Experiment 3 there are 20
hysteric HF buyers (sellers) with value (cost) equal to 18 (2). The last column shows
the efficiency of the market (median value of 20 runs).

HFT Buyers’ values vi Sellers’ costs ci Eff

Benchmark 0 18 14 10 18 14 10 2 6 10 2 6 10 0.955
Experim. 1 40 18 14 10 18 14 10* 2 6 10 2 6 10* 0.963
Experim. 2 40 18 14 10 18 14* 10 2 6 10 2 6* 10 0.986
Experim. 3 40 18 14 10 18* 14 10 2 6 10 2* 6 10 1.000
Experim. 4 120 18 14 10 18* 14* 10* 2 6 10 2* 6* 10* 0.963

HF traders are present may be due to the additional complication (and related
errors) of learning the optimal trading strategy in such a hectic environment.

Efficiency is a global measure of the ability of traders to transact when it is
convenient given the individual valuations and the equilibrium price driven by
the demand and supply for the asset. However, it says nothing about the precise
way in which the available surplus is shared among traders. Table 2 shows how
profits are distributed in our experiments. The profits of the first row, relative
to the benchmark, are used to normalize the entries of the other rows and cases
where HF traders are in action are boldfaced.

In Experiment 1, we see the effect the introduction of calm HF traders. With
respect to the benchmark case, the average profit of all calm traders increases
by almost 22%, while calm and hysteric traders virtually keep the same share as
in the benchmark case.

When HFT is unleashed for some nervous traders (Experiment 2), they see
their own profit increase by 13%, slashing by about 43% the share of the calm
agents.

Table 2. Fractions of profit gained by calm, nervous and hysteric traders when HFT
enters the market. All figures are normalized with respect to the benchmark case with
no HFT.

Calm Nervous Hysteric

Benchmark 1.000 1.000 1.000
Experim. 1 1.218 0.993 0.999
Experim. 2 0.574 1.129 1.005
Experim. 3 0.700 0.999 1.089
Experim. 4 0.171 1.078 1.028

The profit of all hysteric traders, slow and fast, increases overall by nearly 9%
in Experiment 3, at the expenses of a reduction of 30% for the calm trader with
nervous traders again unaffected.

At least two things are worth noticing: firstly, adoption of HFT in isolation
increases the profits of the agents that use this trading approach. Effects are
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relatively large for calm traders (+22%), even though the absolute magnitude of
the variation is small (being traders’ valuations equal to the equilibrium price),
and are smaller but sizable in absolute terms for hysteric traders. Secondly and
quite remarkably, if HFT is used by one subgroup alone, negative effects on
profits are detectable mainly for calm (i.e., marginal) traders

In a nutshell, HFT benefits the ones who use it but can damage some of the
other agents that are worse off, despite the increment of the efficiency that was
shown in the last column of Table 1. If the model realistically depicts the market,
traders may increasingly be pushed to employ HFT, producing the outcomes
shown in “Experiment 4”. In this case, in which agents equally split between
slow and HFT, the profits of the calm traders are nearly wiped out (-83%),
whereas both nervous and hysteric traders keep additional gains.

4 Discussion

In this paper, we present a simple model of HFT where some traders have in every
trading session f > 0 additional chances to cancel and resubmit yet unexecuted
orders. The higher f , the more frequently traders can adjust their orders, if
needed, and exploit transitory opportunities in the book. In contrast, traditional
(i.e., slow) traders have a single chance to deposit an order per trading session,
with no possibility to alter it.

Despite the simplicity of the model, we obtain two main insights: the introduc-
tion of HFT marginally increases the market efficiency and, hence, the surplus
extracted is larger than in the presence of slow traders alone. In this sense, the
pie gets slightly bigger as efficiency steps up from 95 in the benchmark case to
98% or more when few HF traders are introduced. We also find that HFT ben-
efits the investors who are using it at the expenses of other traditional investors
that have their profits eroded significantly or slashed.

In (Bernales, 2014) it is claimed that algorithmic traders with a trading speed
advantage only reduce global welfare and this statement is to some extent at odd
with our first finding. We instead corroborate, in our agent-based setup, Bernales’
result that HFT de facto predates some of non-HFT agents, seizing a portion of
their theoretical gains. One novel insight of our model follows the observation
that, under the dynamics that we have just described, many traders would be
tempted to invest in IT infrastructure and actually jump in the HFT arena. As
a consequence, efficiency would increase less than when there is limited HFT.
Hence, when too many HF traders operate in the market, for some the profit
would shrink again. In a situation resembling a “prisoner dilemma”, policymakers
may attempt to regulate access to and activities of HFT firms, to curb arms races
potentially able to waste costly private investments and hamper public welfare.

Finally, more realistic models may add to the this picture the explicit consider-
ation that HFT is likely to be capable of processing information more accurately
and faster than the ordinary trader. Such a research avenue could prove whether
there are beneficial effects due to HFT in terms of, say, information diffusion
and price discovery.
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Abstract. Agent-based modeling is alternative framework for providing expla-
nations of the behavior of financial markets. In this paper, we consider a simple
agent-based model designed to understand the effects of smart order routing in
a multi-market setting. The goal is to understand how the prevalence of smart
order routing results in different levels of market integration. We find that only
a small percentage of smart order routing results in a remarkable level of market
integration.

1 Introduction

The law of one price and arbitrage-free markets are fundamental notions in financial
economics. The law of one price dictates that securities with identical cash flows will
trade at identical prices. Significant deviations should be swiftly resolved by the strate-
gic behavior of arbitrage traders [1].

From an empirical standpoint, we can observe cross-listed securities and develop
measures of market integration based on mid-quote deviations and other proxies. How-
ever, we can only hypothesize about the forms of strategic behavior that leads to those
outcomes. Agent-based models provide a framework in which to connect strategic be-
havior to market integration outcomes.

We introduce an agent-based model designed to study the effects of strategic or-
der routing on market integration. The basic ingredients of the model include passive
participants that place and cancel limit orders relative to the prevailing mid-quote, and
liquidity-demanding participants, which we refer to as aggressive participants, that ar-
rive randomly throughout the trading period. The market consists of two independent
limit order books. Aggressive traders have the capability of routing their market orders
to either book according to the prevailing quotes. The probability that such a trader
“smart routes” an order is varied as part of the experimental design.

The power of agent-based models (i.e. their ability to capture specific details of mar-
ket mechanisms and trading behavior) is also a source of problems. ABM allow many
degrees of freedom [2]. In other words, for any model that one puts forward as an expla-
nation of an empirical phenomenon, there may exists a number of other specifications
in which the same behavior arrises. With this in mind, we employ a parsimonious spec-
ification of strategic behavior.

c© Springer International Publishing Switzerland 2015 19
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The structure of this paper is as follows. First, we provide a brief review of the
pricing mechanism, the limit order book. We then provide a discussion of market frag-
mentation and automated trading. Finally, we present the model details and results of
the computational experiment.

2 Market Mechanism

The pricing mechanism employed in our model is a limit order book. In some markets,
designated intermediaries establish prices at which other market participants may trade.
In this model, we employ an order-driven market, where the market participants them-
selves establish prices by submitting limit orders [3]. A limit order is an instruction to
buy or sell a specified quantity of a given security at a specified price. In practice, limit
orders are stored in two price-time priority queues known as the limit order book. Each
limit order consists of a side, a quantity and a price. A bid with price p > p̂ has prior-
ity over another bid with price p̂. Similarly, an ask with price p < p̄ has priority over
another ask with price p̄.

papb

Price Grid

D
ep

th

Mid-quote

Bids Offers

Marketable limit 
order to buy at pa

Fig. 1. Diagram of a limit order book

Best bid and ask prices are denoted pb and pa, respectively. In practice, market par-
ticipants can submit market orders that execute against the best available limit orders. In
our model, market orders are implemented as marketable limit orders, e.g. a new limit
order to buy in which the price is greater than or equal to the best ask. In figure 1, we
depict a limit order book on an integer price grid. A market order to buy would execute
at pa. A new limit order to sell at (pa − 1), would improve the best ask price. The tick
size in the smallest price increment for orders.

Limit order markets may have a number of idiosyncratic features, including orders
that have special behavior. In our model, we implement only the core features of a limit
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order book. The market mechanism, while often replaced with an abstraction for mod-
eling purposes, is modeled explicitly in our agent-based framework. While the market
mechanism itself is an important part of the market, we also need to account for the
broader market structure, which we review briefly in the next section.

3 Market Fragmentation

Securities are often listed at multiple venues. The United States stock market is highly
fragmented. Regulation NMS (National Market System), however, strictly dictates how
quotes are integrated across markets. For example, Reg NMS protects orders against
trade throughs. A trade through occurs when a transaction does not take place at the
best possible price as currently quoted. Prior to the introduction of Reg NMS, more than
1% of volume traded through better quotes on U.S. equity markets [4]. U.S. securities,
however, are also listed abroad taking the form of American Depository Receipts. An
ADR trading in Europe or Asia is not an NMS security and is not given trade-through
protection.

Europe has also opened the way for increased competition where securities are listed
across markets both nationally and internationally [5]. For example, consider Nordea, a
European bank. Nordea trades in Stockholm, Helsinki, and Copenhagen. Nordea shares
trade at all three market centers in their respective currencies. And, at each location,
Nordea is traded on a number of competing platforms. The market for Nordea is ob-
viously fragmented, but it isn’t segmented. The prices are connected by the strategic
behavior of market participants.

Globally, the computerization and automation of exchanges has lead to a decrease
in operating costs and the proliferation of a variety of alternative venues [6]. Market
participants often face the decision as to where and to what extent they will trade at
each venue. While some may choose to monitor and route orders to multiple venues,
economic considerations may limit a number of participants to a single venue. Due
to the time sensitive nature of such questions, market participants often relegate the
decision to an automated trading system.

4 Automated Trading and Smart Order Routing

Market participants automate a wide variety of trading strategies. In this paper, we focus
on automated trading strategies related to the execution of large orders, which we will
refer to as parent orders. The parent order may be equivalent in size to a significant
portion of daily trading volume. The trader tasked with executing the order is interested
in minimizing costs including implicit costs such as the price impact of the trade. The
trader may also have additional constraints, for example, a deadline (trading horizon).

The most common strategy is to split the parent order in to child orders and execute
them throughout the trading horizon. To do so, the trader will assess the difficulty of
the trade, based on its size and trading horizon, and select a strategy, which is generally
associated with a particular benchmark. That strategy often involves routing the child
orders to a number of different venues based on fees, spread, latency and other factors,
which is often referred to as smart-order routing.
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Smart order routing, in its most basic form, simply involves sending a child order
to the most favorable venue. That venue may have better quotes, smaller fees, or other
features that result in reduced transaction cost. Smart order routers also take into account
the probability of a successful execution based on latency and other factors. For example,
a limit order joining the best bid could result in an execution if the market moves against
you between the time you submit and the time the order hits the matching engine. In the
model presented below, we simply consider smart-order routing as routing an order to
the limit order book with the most favorable quote (as seen in figure 2).

Parent Order (Buy 1000)

Smart Order Router

Child Order 
(Quantity 1)

Market 1
Bid $10.00 Ask$10.03

Market 2
Bid $10.00 Ask $10.02

Fig. 2. Smart order routing as it is defined in the model. A parent order routes a child order to the
market with the best offer.

5 Model

Our model is related to a line of work that treats the arrival of orders as a statisti-
cal process [7,8,9]. It is also related to models accounting for multiple trading venues
[10,11,12]. The contribution of this paper is to connect the strategic behavior of order
routing to levels of market integration. The model consists of two classes of participants:
passive participants and aggressive participants. The model is discrete time. Agents are
activated uniformly at random. Passive traders place limit orders uniformly at random
relative to the opposite quote. The limit orders of passive traders are to buy or sell with
equal probability. Bids take a price from the discrete set {pa−δ , . . . , pa}, and asks take
a price from {pb, . . . , pb + δ}. The parameter δ governs the size of the price range. All
orders have unit quantity. Orders that are not executed after n epochs are canceled.
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Aggressive traders place market orders according to their current parent order, which
consists of a quantity and a side (q,s). Each aggressive trader has an initial parent
order. The quantity is drawn according to Zipf’s Law [13]. The idea is that the power
law distribution of the quantities of parent orders causes the long range dependence
observed in the sides of market orders [14,15]. In our model, the side of the parent
order is to buy or sell with equal probability. When an aggressive trader is activated
it trades against its current parent order. A child order of size 1 is broken off and the
parent quantity is updated to q− 1. If the parent order is exhausted (q = 0) when an
aggressive trader is activated, a new parent order is generated and the agent places a
trade.

The orders of aggressive traders are smart-routed with probability λ and routed to
the traders home market with probability (1−λ ). This parameter can be interpreted as
the percentage of the parent order that is given to a broker with smart routing capabili-
ties. Market participants often spread large orders over a number of competing brokers.
Smart routing simply means sending the child order to the market with the most favor-
able quote, e.g. if the order is to buy the order is routed to market with the lowest offer.
In the event of a tie, the order is routed to a market uniformly at random. Aggressive
traders employ market orders and execute against the prevalent quotes at the time of
each child order.

Fig. 3. Mid-quote deviations for 200 replications with λ = 0.10

6 Results

The computational experiment consists of two identical limit order markets, market 1
and market 2. Each market has 100 participants. There are 90 passive participants and
10 aggressive participants. Passive participants only trade on their home market. The
aggressive participants have a home market, but have access to both. Each replication of
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Fig. 4. Mid-quote deviations for 200 replications with λ = 0.20

Fig. 5. Mid-quote deviations for 200 replications with λ = 0.30

the simulation lasts for 200,000 epochs not including a 10,000 epoch warm up period in
which only passive agents trade. Limit orders are placed within 10 ticks of the prevailing
opposite quote (δ = 10) and limit orders that have not been executed for 10,000 epochs
are canceled (n = 10,000). The probability of smart order routing is varied between 0.1
and 1.0 by increments of 0.1. The quantity of parent orders is drawn according to Zipf’s
Law with α = 1.75.
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Market integration is measured by examining the mid-quote deviation, where the
mid-quote is defined as

(pa + pb)

2
(1)

The mid-quote deviation is (m1 −m2) where m1 is the mid-quote for market 1 and
m2 is the mid-quote for market 2.

Table 1. Minimum and maximum mid-quote deviation over 200 replications. Var. reports the
sample variance of the mid-quote difference as measured in the last step of each replication.

λ Min. Max. Var.

0.10 -65 77 323.75
0.20 -30 33 41.47
0.30 -14.5 17 6.40
0.40 -8 6.5 2.39
0.50 -6 5 1.45
0.60 -5 5 1.23
0.70 -5 3.985 1.07
0.80 -5 4.5 0.85
0.90 -4 5 0.92
1.00 -5 5 0.75

As can be seen in figures 3 - 5, moderately low levels of smart routing result in
markets that are fairly integrated as measured by mid-quote deviations. Table 1 reports
the minimum and maximum deviation over all 200 replications for each level of smart-
order routing. While markets are fairly integrated for λ > 0.40, there are still periods
of dislocation resulting from large order flow imbalances. The model provides a start-
ing point for exploring more sophisticated order routing and additional types strategic
behavior.

Ultimately, the level of market integration is a result of market structure, regulations,
fees and other costs faced by traders. Realistic market structures involve asymmetric
volume levels across venues, foreign exchange considerations, varying tick sizes and
other complications. Agent-based models provide a framework for exploring dynamic
aspects of more complicated market structures. We look forward to exploring additional
features in future work.
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Abstract. We present PrivHab, a georouting protocol that improves
multiagent systems itinerary decision-making. PrivHab uses the mobility
habits of the nodes of the network to select an itinerary for each agent
carrying a piece of data. PrivHab makes use of cryptographic techniques
to make the decisions while preserving nodes’ privacy. PrivHab uses a
waypoint-based georouting that achieves a high performance and low
overhead in rugged terrain areas that are plenty of physical obstacles. The
store-carry-and-forward approach used is based on mobile agents and is
designed to operate in areas that lack network infrastructure. We have
evaluated PrivHab under the scope of a realistic podcast distribution
application in remote rural areas. The PrivHab protocol is compared
with a set of well-known delay-tolerant routing algorithms and shown to
outperform them.

1 Introduction and Motivation

In 2003, the Food and Agriculture Organization of the United Nations (FAO1)
implemented a strategic Programme entitled “Bridging the Rural Digital Di-
vide”. The programme highlighted innovative approaches to knowledge exchange
that were taking advantage of new digital technologies.

E-agriculture applications, usually targeting rural areas, are very likely to deal
with challenges like a sparse population, with the receivers of the information
far away from each other, a bad, non-existent or expensive telephony coverage
and, especially, a lack of data communication networks are the most common
ones.

We propose to use PrivHab to reduce the digital divide in developing coun-
tries by distributing podcast radio programs using Mobile Agent based Delay
Tolerant Networking [4]. MADTN uses mobile agents to perform a store-carry-
and-forward strategy, and it is designed to operate in absence of simultaneous
end-to-end paths.

1 More information can be found on http://www.e-agriculture.org/

bridging-rural-digital-divide-programme-overview
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2 Scenario of Application

In some places, due to the region’s dialect preference and the illiteracy ratios,
radio broadcasting is the most important information source for farmers. It plays
a key role in the economy development of the region by disseminating important
agricultural information.

In Gwanda, Zimbabwe, the poor radio signal of the area leads the NGO Prac-
tical Action2 to use a manpower of 60 cooperators to bring podcasts to the
villagers. The cooperators, equipped with portable MP3 players and speakers,
physically travel to the NGO office to obtain new podcasts that they play at
their assigned villages. We aim to replace this physical distribution by a digital
and automated one.

We propose to create a Delay Tolerant Network using a set of small devices
that can be carried by the members of the NGO’s staff or by some local villagers
that collaborate with them. The deployment’s cost of this network nodes should
be low3, and can be considered as an investment, since the NGO will not need
to spend more resources on the podcast distribution.

Between the NGO and the local radio stations there could be barriers that
nodes carrying the data can not cross, as the Mtshabezi River, and there could
be some locations that are very likely to have a higher density of nodes, as the
markets. Therefore, data should try to follow paths that take advantage of this
knowledge. For this reason, we propose a geographical routing protocol where
the sender defines a set of waypoints where the data has to pass by in order to
reach its destination.

3 A Habitat-Based Itinerary

A habitat is defined as the area where a node is more likely to be found. It is
based on the assumption of social-based routing protocols that future mobility
of a node will be related to its near past mobility [3]. The heatmap (Figure 1)
is an extremely accurate habitat representation.

Fig. 1. Heatmap of a node. The dark red area corresponds to the area that is usually
visited, and the intense yellow spot corresponds to the region where the node spends
most of his time.

2 More information about this programme at
http://practicalaction.org/podcasting-gwanda

3 Small devices like Raspberry Pi can be acquired by less than 30$/unit.

http://practicalaction.org/podcasting-gwanda
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However, creating and maintaining this data is a resource consuming task
that does not fit well with the small devices of the proposed network. Therefore,
we propose to model each nodes’ habitat using a simple geometric shape. This
way, nodes can automatically calculate and store their habitat consuming the
minimum computational resources by using a mobile average, and they can use
it to make routing decisions quickly.

3.1 Circular Model of Habitat

We model the habitat using a circle. Each habitat H is characterized by two
elements: a centre point C = (x, y) and a radius R. A habitat is defined by the
tuple H = (C,R).

Every node’s habitat has to be updated in order to capture the trend of the
node’s mobility pattern. The update process of a habitat consists in obtaining
the location of a node and adding it to his habitat’s model. Nodes use the
Exponentially Weighted Moving Average (EWMA) to update their previous
version of the habitat, named Hold, with a frequency of ω updates/hour. From
now on, we will refer as L = (xs, ys) to the location of a node at the moment of
the update.

Step Zero. Initialization of the Habitat: At the initialization step, H0

is initialized with the centre point at the same coordinates of the location L0

(node’s location when the calculation starts) and R = 0.

(a) (b)

Fig. 2. Evolution of the habitat: (a) The new centre point C is calculated averaging the
old centre Cold and the new location L; (b) The new radius R is calculated averaging
the old radius Rold and the distance d(L,C) that separates the new location L from
the centre point C

First Step. Update of the Centre: The first step to updating a habitat is
to update the centre. The centre point of the current habitat H is calculated by
averaging using EWMA the centre point Cold and the current location L. The
only parameter involved is α. This first step is depicted in Figure 2 (a).

C = L ∗ α+ Cold ∗ (1 − α) (1)
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Second Step. Update of the Radius: After C has been calculated, the radius
R is updated by averaging using EWMA the radius Rold of the previous habitat
and d(L,C), the distance between L and the centre point C. This second step
is depicted in Figure 2 (b).

R = d(L,C) ∗ α+Rold ∗ (1− α) (2)

3.2 The Motion Common Cycle

A habitat calculated using α = 2
Tω+1 models the mobility habits of a node

during the last T hours. The amount of hours T a habitat models is called the
common motion cycle, and it has to be known by all nodes of the network. In
a mobile average, each time a location is used to update the habitat, previous
locations lose weight. Concretely, in EWMA, the last Tω locations weight the
86% of the total, while previous locations weight the remaining 14%.

4 The PrivHab Protocol

The PrivHab routing algorithm compares two nodes and decides who is the best
choice to carry the data towards its destination4. The routing algorithm chooses
the nodes whose habitat’s border is closer to the next waypoint, prioritizing those
nodes whose habitat encloses it. If a waypoint is contained inside two different
habitats, then the routing algorithm chooses the node with the smallest one.

(a) (b) (c)

Fig. 3. Three possible situations in habitat-based routing: (a) The next waypoint is
located outside the two habitats; (b) Only one of the habitats encloses the location of
the next waypoint; (c) The two habitats enclose the location of the next waypoint.

Figure 3 show the different situations that can be faced. In (a) and (b) node A
is chosen as the best option, because the waypointW is closer to HA or inside it.
In (c) the best choice is B, because both habitats contain W , but HB is smaller
than HA.

4.1 Nodes’ Privacy

At [1], Boldrini et al. recognize that privacy is an important issue in a routing
protocol. Therefore, PrivHab needs to be secure and do not reveal the habitat

4 We assume that the approximate locations the data has to pass to reach the desti-
nation can be known or guessed by the sender.
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information to the other part. For this reason, PrivHab uses the Paillier [6]
additive homomorphic cryptography to protect nodes’ privacy. This way, the
habitats and the waypoints are operated and compared while cryptographically
protected in order to avoid revealing this private information to the other parts.

4.2 Exchanged Messages

We assume that every location can be mapped to two-dimensional coordinates
with a mapping known to both A, the node that carries the data, and B, a
candidate neighbour. Let A’s habitat be HA : (CA, RA). Let W [i] : (xW [i], yW [i])
be the next waypoint. Let B’s habitat be HB : (CB, RB). We denote EY (m) as
the Paillier additive homomorphic encryption of m using Y ’s public key.

1. Node A calculates dA = d(HA,W [i])2, the square of the distance between
its habitat and W [i] (dA = 0 if W [i] ∈ HA and dA ≥ 1 otherwise). A knows
both HA and W [i], so the calculation of dA can be performed without using
homomorphic encryption.

2. Node B announces to A the centre CB : (xCB , yCB ) of its habitat.

B → A: EB(xCB ), EB(yCB )

3. Node A subtracts the coordinates of W [i] to the coordinates of C. Then, A
multiplies both results by the same nonce (a random one-use value).

(EB(xCB )/EB(xW [i]))
nonce = EB((xCB − xW [i]) · nonce) (3)

(EB(yCB )/EB(yW [i]))
nonce = EB((yCB − yW [i]) · nonce) (4)

Following, A sends to B the results and the coordinates of W [i], the distance
dA, the radius RA, and the information B needs to calculate dB.

A → B:
EB((xCB

− xW [i]) · nonce), EA(x2
W [i]

), EA(RA), EA(2yW [i]), EA(2xW [i]),

EB((yCB
− yW [i]) · nonce),EA(y2

W [i]
), EA(dA), EA(xW [i]), EA(yW [i])

4. B decrypts the received subtractions and computes β.

β = tan−1(((yCB − yW [i]) · nonce)/((xCB − xW [i]) · nonce)) (5)

Node B uses β to calculate X : (a = xCB −RB · cosβ, b = yCB −RB · sinβ),
X is the nearest point of HB to W [i]. Then, B calculates d(HB ,W [i])2 =
dB, the square of the distance.

(EA(a
2) + EA(b

2))/(EA(2xW [i])
a ·EA(x

2
W [i]) ·EA(2yW [i])

b ·EA(y
2
W [i])) =

EA(a
2 − 2axW [i] − x2

W [i] + b2 − 2byW [i] − y2W [i]) =

EA((a− xW [i])
2 + (b− yW [i])

2) = EA(dB) (6)
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Following, B calculates the point inclusion of W [i] in HB using Equation
7, the comparison of distances using Equation 8, and the comparison of
radius using Equation 9. This time, three different nonce values are used to
randomize the results. The dA factor is used to blur5 the point inclusion test
and the comparison of radius.

(EA(R
2
B) ·EA(dA))/(EA(dB))

nonce = EA((R
2
B + dA − dB) · nonce) (7)

(EA(dA))/(EA(dB))
nonce = EA((dA − dB) · nonce) (8)

(EA(RA)·EA(dA)
RB )/(EA(RB))

nonce = EA((RA+dA·RB−RB)·nonce) (9)

Finally, B orders the results of the two comparisons and the point inclusion
test in a random way and sends it to A.

B → A:
EA((RA + dA ·RB −RB) · nonce), EA((dA − dB) · nonce),
EA((R

2
B + dA − dB) · nonce)

5. Node A decrypts the three received values. B is considered a better choice
if the three decrypted values are equal or greater6 than 0.

4.3 A Multiagent System

PrivHab is executed under the MADTN framework. The agents involved in this
multiagent system are listed below.

– Habitat agent: The agent that performs the operations described in Sec-
tion 3.1 to calculate and update the habitat of the node. This agent also
periodically informs the Carrier agent of the current location to track if the
node had approached enough the current waypoint.

– Interactor agent: The agent that performs the exchange of messages de-
scribed in Section 4.2. This agent informs the Carrier agent with the result
when the exchange of messages has finished.

– Carrier agent: A proactive agent that carries the data towards its desti-
nation. After the execution of PrivHab, it makes the decision of migrating,
being cloned, or staying at the current node.

5 If dA > dB, then the best choice is B, and the result of the point inclusion test and
the comparison of radius are not needed.

6 PrivHab checks several times if an operand ρ is negative. As ρ is an element of Zn,
to check this condition, we ensure that n is sufficiently large and that all values ρ
we will use are ρ ≤ n/2. Then, we can consider that ρ > n/2 ⇐⇒ ρ < 0.
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5 Experiments and Results

As a proof-of-concept we have deployed an implementation of the presented
protocol on three Raspberry Pi boards. We have used them to measure the
overhead that PrivHab adds to every transaction.

We have used our proof-of-concept implementation, using Paillier’s length keys
of 512, 1024 and 2048 bits, to forward 600 podcasts of sizes between 10MB and
20MB7. We have repeated the tests five times. We have measured the average
time needed to make the calculations and to exchange all the messages. The
obtained results have been incorporated to the simulations.

PrivHab execution time depends heavily on the key length used. When using
keys of 512 bits, PrivHab can be executed by a low-end device in 0.57 seconds.
Meaning an overhead of less than 3.48% when sending messages larger than
10MB. The execution time increases to 3.97 ± 0.03 seconds when using keys of
1024 bits. Given the average length of connectivity windows in remote village
scenarios presented in [2], this overhead is acceptable. When using keys of 2048
bits, the execution time is too high (25, 031.5± 69.8 seconds).

5.1 Modelling and Simulations

The scenario we have used in all the simulations is the one presented in Section 2.
We have compared the performance of PrivHab with a bench-mark of well-known
routing protocols used in [5]: Prophet, Binary Spray & Wait (L=40), Epidemic
and Random. We have added two routing protocols to this set: MaxProp and
First Contact. All simulations have been performed using The Opportunistic
Network Simulator (The ONE), and have been repeated twenty times using
different random seeds.

The performance of all the compared protocols is presented in Figure 4. Single-
copy protocols, as Random and First Contact, do not fill up the buffers. There-
fore, they obtain medium delivery ratios because nodes are not forced to drop
podcasts. However, their decision making is poor, and podcasts last longer on
the network. For this reason, their latency is high and they produce an enormous
amount of aborted relays. Flooding-based protocols, as Epidemic and Prophet,
generate en enormous network overhead that fill the buffers early. Therefore, they
obtain medium latencies but low delivery ratios because almost all nodes effort
while forwarding podcasts is wasted, usually because the podcasts are dropped.
BS&W and MaxProp perform well in terms of latency. But their performance in
terms of delivery ratio is totally opposed. Binary Spray & Wait, performs poor
in terms of delivery ratio because of his epidemic-style spread, while MaxProp
obtains a high delivery ratio because his dropping policy based on probabili-
ties of delivery manages to drop less messages. PrivHab takes the best decisions

7 This is the size of an audio file with ID3 version 2.4.0, extended header, containing:
MPEG ADTS, layer III, v1, 128 kbps, 44.1 kHz, stereo, with a duration between 10
and 20 minutes.
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because it takes into account both the pathway to the destination and the mo-
bility patterns of the neighbours, and obtains the lowest network overhead and
latency latency of the single-copy protocols because the spread is directed to-
wards the destination.

6 Conclusions

The habitat models node’s whereabouts based on the common motion cycle.
It is used to decide what nodes are good choices to carry the data towards its
destination. PrivHab uses homomorphic cryptography to preserve nodes’ privacy.
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4. Mart́ınez-Vidal, R., Castillo-Pérez, S., Robles, S., Cordero, M., Viguria, A., Giu-
ditta, N.: Mobile-agent based delay-tolerant network architecture for non-critical
aeronautical data communications. In: Omatu, S., Neves, J., Rodriguez, J.M.C.,
Paz Santana, J.F., Gonzalez, S.R. (eds.) Distrib. Computing & Artificial Intelli-
gence. AISC, vol. 217, pp. 513–520. Springer, Heidelberg (2013)



Podcast Distribution on Gwanda Using PrivHab 37

5. Musolesi, M., Mascolo, C.: Car: Context-aware adaptive routing for delay-tolerant
mobile networks. IEEE Transactions on Mobile Computing 8(2), 246–260 (2009)

6. Zhong, G., Goldberg, I., Hengartner, U.: Louis, lester and pierre: Three protocols
for location privacy. In: Borisov, N., Golle, P. (eds.) PET 2007. LNCS, vol. 4776,
pp. 62–76. Springer, Heidelberg (2007)



Learning, Agents, and Formal Languages: Linguistic
Applications of Interdisciplinary Fields

Leonor Becerra-Bonache1 and M. Dolores Jiménez-López2
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Abstract. This paper focuses on three areas: machine learning, agent technolo-
gies and formal language theory. Our goal is to show how the interrelation among
agents, learning and formal languages can contribute to the solution of a chal-
lenging problem: the explanation of how natural language is acquired and pro-
cessed. Linguistic contributions of the intersection between machine learning
and formal language theory –through the field of grammatical inference– are re-
viewed. Agent-based formal language models as colonies, grammar systems and
eco-grammar systems have been applied to different natural language issues. We
review the most relevant applications of these models.

1 Introduction

Nowadays, interdisciplinary research is key to make progress and increase the rate of
scientific findings in different areas. There are problems that cannot be approached just
by the single perspective of a specific field. Therefore, to understand better or solve
these kind of problems, the collaboration of researchers from different disciplines is
required.

Taking into account the relevance of interdisciplinarity, we consider the relationship
among machine learning, formal languages and agent technologies:

• Machine Learning is one of the most active research areas within Artificial Intel-
ligence. Its main goal is to develop techniques that allow computers to learn. Ma-
chine learning algorithms construct a model based on the inputs that they receive,
and then they use that model to make predictions or decisions. Examples applica-
tions of machine learning are: spam filtering, handwriting recognition, computer
vision, etc.

• Formal Languages was originated from mathematics (researchers as Thue, Post,
Turing) and linguistics (Chomsky). Formal language theory provides mathemati-
cal tools for the description of linguistic phenomena. It was born in the middle of
the 20th century as a tool for modeling and investigating the syntax of natural lan-
guages. However, very soon it developed as a new research field, separated from
Linguistics, with specific problems, techniques and results and, since then, it has
had an important role in the field of Computer Science.

c© Springer International Publishing Switzerland 2015 39
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• Agent Technologies is one of the most important areas emerged in Information
Technology in the 90’s. By implementing autonomous entities driven by beliefs,
goals, capabilities, plans and agency properties, agent technologies capture essen-
cial aspects of the modeled systems. The metaphor of autonomous problem solving
entities cooperating and coordinating to achieve their objectives is a natural way of
conceptualizing many problems. In fact, the multi-agent system literature spans a
wide range of fields.

Our main goal here is to review the linguistic contributions of the interrelation of
those three areas. This is, we want to show how the interdisciplinary relation between
machine learning, formal languages and agent technologies can contribute to the solu-
tion of one of the most persistent problems in science: the explanation of how natural
language is acquired and processed.

If we want to explain natural language, we need to cross traditional academic bound-
aries in order to solve the different problems related to this topic. We should attack the
subject from various angles and methods, eventually across disciplines, forming a new
method for understanding natural language. Therefore, interdisciplinarity should be an
essential trait of the research in language. In this paper, we review some interdisci-
plinary research performed in this direction. Specifically, in section 2, the intersection
between machine learning and formal languages is taken into account. This intersec-
tion constitutes a well-established research field known as Grammatical Inference. We
review here the main linguistic applications of this field. In section 3, the interrela-
tion between formal language theory and agent technologies is considered. We show
how agent technologies can offer good solutions and alternative frameworks to classic
models in the area of processing and computing languages that can be useful for the
description and analysis of natural language.

2 Learning and Formal Languages

The intersection between the field of machine learning and the theory of formal lan-
guages constitutes a well-known research field called Grammatical Inference (GI) [13].
GI studies how grammars can be learnt from a set of data. The field of GI was orig-
inated in the 60’s, mainly by the work developed by E.M. Gold [15]. Motivated by
the problem of how children acquire their native language, E.M. Gold tried to inves-
tigate, from a theoretical point of view, how the ability to speak a language can be
achieved in an artificial way. Since then, a big amount of research has been done by
researchers coming from different scientific traditions: machine learning, formal lan-
guages, computational linguistics, pattern recognition, etc. Two main approaches can
be distinguished in GI: 1) Theoretical approaches: researchers aim to prove efficient
learnability of grammars. Most of GI researchers have been focused on this approach.
Their aim is to obtain formal results, for example: formal descriptions of the target lan-
guages, formal proofs about the efficiency of a learning algorithm, etc.; and 2) Practical
approaches: researchers aim to develop systems that learn grammars from real data. In-
stead of proving the learnability of grammars, researchers focus on providing empirical
systems that deal with natural language data.
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Despite the original linguistic motivation of the GI studies, most of the work in this
field have been focused on obtaining formal results, without exploiting the linguistic
relevance of the classes that have been studied and the results obtained. We will review
next some practical studies in GI based on natural language data.

2.1 Practical Studies with Natural Language Data

Although most part of the work in GI are theoretical, we can also find some practical
approaches in GI based on natural language data. Next we review some of the main
approaches.

First of all, it is important to point out that in a GI problem, there are two different
actors involved: a teacher and a learner. The teacher provides information to the learner,
and the learner (or learning algorithm), from that information, must identify the under-
lying language. Depending on how this information is provided to the learner, we can
distinguish three different GI approaches to natural language [14]: 1) Unsupervised ap-
proach: the teacher provides unlabeled examples to the learner, that is, the learner does
not receive explicit information about the structure of the sentences in the target lan-
guage.; Supervised approach: the input data consists of a set of labeled examples, that
is, the learner receives examples of inputs paired with the corresponding correct out-
puts; and 3) Semi-supervised approach: in addition to the labeled examples, the learner
receives unlabeled examples.

Like theoretical studies developed in GI, most part of GI methods for natural lan-
guage have also been focused on CF grammars. Most of these natural language learning
methods are based on an unsupervised approach, and only use positive data during the
learning process (i.e., the learner only receives examples of sentences that belong to the
target language). The most common method to evaluate these systems is by using a tree-
bank (i.e., a linguistic corpus in which sentences are annotated with their syntactic struc-
ture, often represented in the form of a tree). This method consists in extracting from
a treebank (selected as the “gold standard”) a set of plain natural language sentences
and giving it to the algorithm as input. Then, the GI algorithm generates structured
sentences and these sentences are compared against the original structured sentences
from the treebank. Different metrics can be used to do this comparison, but the most
used are precision (which shows how many learned structures are correct, describing in
that way the correctness of the learned grammar) and recall (which shows how many
of the correct structures have been learned, giving in that way the completeness of the
learned grammar). It is worth noting that one of the most used treebanks is ATIS (Air
Traffic Information System), an English corpus that contains mostly questions and im-
perative sentences on air traffic. Examples of GI systems for natural language learning
are: EMILE [1], ABL (Alignment-Based Learning algorithm) [20] and ADIOS (Au-
tomatic DIstillation Of Structure algorithm) [19]. For detailed information about these
algorithms and other grammar inference methods, see [14].

In GI there has also been some efforts for taking into account more natural aspects
during the language learning process. An example of it is [2,3,4]. The purpose of this
work was not to learn a CF grammar, but to investigate the effect of semantics and cor-
rections in the process of learning to understand and speak a natural language. In fact,
in the early stages of children’s linguistic development, semantic information seem to
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play an important role [10]. Taking into account that most works in GI have only been
focused on syntax learning and results in GI show that language learning is hard, the
following question was posed: can semantic information simplify the learning prob-
lem? In order to answer this question, a simple computational model was developed
which takes into account semantics for language learning. The model was tested with
ten different natural languages by using a simplified version of the Miniature Language
Acquisition task (this task involves sentences that describe visual scenes), and the re-
sults show that: i) access to semantic information facilitates language learning; ii) the
presence of meaning-preserving corrections has an effect of language learning, even if
the learner does not treat them specially. Therefore, the results obtained with this work
were not only of interest for GI, but also for the linguistic community.

Researchers in GI have also developed methods for other tasks, such as machine
translation. For example, we can find several works focused on learning stochastic
finite-state transducers (SFST) for machine translation [9]. A SFST involves two differ-
ent alphabets (source and target alphabet), and associates probabilities to the transitions
and final states. The main advantages of working with these models are the following: i)
there exist efficient search algorithms for translation; ii) these techniques are less com-
putational expensive (in general) than most pure statistical approaches; iii) they allow
an easy integration with other information sources, such as acoustics models, making
easier the applications of SFST to more difficult tasks, such as speech translation. It is
worth noting that these methods have been successfully applied to different non-trivial
tasks, such as Miniature Language Acquisition task, Traveler task, etc. For more infor-
mation, the reader is refered to [9].

3 Agents and Formal Languages

In this section, we consider the interrelation between multi-agent systems and formal
language theory. The first generation of formal grammars, based in rewriting, formal-
ized classical computing models. At that time, linguistics was the central application
of formal language theory and linguists were very much interested in applying for-
mal language models to the formalization of natural language. However, from the 90s,
the interest of linguistics in formal languages seems to have disappeared and formal
language theorists have found innumerable applications of their theory different from
linguistics. Problems related to the first generation of formal languages based on rewrit-
ing systems were the reason for that divorce between formal languages and linguistics.
However, models proposed from the 90s in the area of formal language theory may
solve those classic problems. Among those new models we find the agent-based mod-
els of formal languages that constitute an important subfield of the theory. The main
advantage of those agent-based models is that they increase the power of their compo-
nent grammars thanks to interaction, distribution and cooperation. Colonies, grammar
systems and eco-grammar systems are examples of this new generation of formal lan-
guages. All these new types of formalisms have been proposed as grammatical models
of agent systems. These multi-agent formal languages have been applied to natural lan-
guage description and processing. In general, it can be shown that those non-standard
models in formal languages can solve the classical problems related to the first genera-
tion of formal languages and can cover the whole range of linguistic disciplines, from
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phonology to pragmatics. In the next section we show some examples of these possible
linguistic applications.

3.1 Linguistic Applications of Agent Based Formal Language Theory

Colonies are the first agent-based model we consider. Colonies as well-formalized lan-
guage generating devices have been proposed in [17], and developed during the nineties
in several directions. Colonies can be thought of as grammatical models of multi-agent
systems motivated by Brooks’ subsumption architectures [8]. They describe language
classes in terms of behavior of collections of very simple, purely reactive, situated
agents with emergent behavior. Colonies, as proposed originally, capture some formal
aspects of systems of finite number of autonomous components capable to perform very
simple reactive computing tasks each. The behaviour of the colony really emerges from
interactions of its components with their symbolic environment and can considerably
surpass the individual behaviours of its components. The main advantage of colonies is
their generative power, the class of languages describable by colonies that make use of
strictly regular components is beyond the set describable in terms of individual regular
grammars.

In [7], colonies have been proposed as a tool to generate natural language by the
interaction of a finite number of finite-state devices that generate finite languages. This
application takes into account the idea of describing natural languages as a number
of modules that interact in a nonsimple way. Colonies offer a modular theory where
the various dimensions of linguistic representation may be arranged in a distributed
framework and where the language of the system is the result of the interaction of those
independent cooperative modules. Colonies allow us to generate infinite languages by
only using grammars generating finite languages. This formal framework increases the
power of regular grammars thanks to interaction. What is important here is the fact that
although the generative power of colonies goes beyond the regular family of languages,
the derivation process is done in a regular (finite-state) manner. Therefore, colonies
may reveal as a device able of conjoining the simplicity of finite-state machines with a
stronger generative power able to account for the infiniteness (context-free or more) of
natural languages.

Another important agent based-model in formal languages are the so-called grammar
systems [11]. Grammar system theory is a consolidated and active branch in the field
of formal languages that provides syntactic models for describing multi-agent systems
at the symbolic level, using tools from formal grammars and languages. A grammar
system is a set of grammars working together, according to a specified protocol, to
generate a language. Note that while in classical formal language theory one grammar
(or automaton) works individually to generate (or recognize) one language, here we
have several grammars working together in order to produce one language. The theory
was launched in 1988 and has developed into several directions, motivated by several
scientific areas.

Grammar systems may offer useful tools to account for arrangement and interaction
of the various dimensions of natural language grammar. In order to define a grammar
system approach for grammar architecture, a set of postulates of linguistic theory must
be followed [18]: 1) we take a grammar to be a set of subgrammars called modules; 2)
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each of these modules is a grammar of an independent level of linguistic representation;
these modules are not hierarchically related to one another; 3) a module need not wait
for the output of another to do its work, but has the power to generate (analyze) an
infinite set of representations quite independently of what is going on in any of the other
components; 4) each component is a self-contained system, with its own independent
set of rules, principles and basic vocabulary; 5) the lexicon plays a special, transmodular
role in the theory. In order to capture every feature of the above list, a new variant of
grammar systems has been introduced: Linguistic Grammar Systems (LGS) [16]. LGS
offer an example of the possible application of formal languages to linguistics. For
formal definitions of LGS the reader can see [16].

Very relevant in the area of multi-agent models of formal languages are the so-called
eco-grammar systems [12]. Eco-grammar systems provide a syntactical framework for
eco-systems, this is, for communities of evolving agents and their interrelated envi-
ronment. An eco-grammar system is defined as a multi-agent system where different
components, apart from interacting among themselves, interact with a special compo-
nent called ‘environment’. Within an eco-grammar system we can distinguish two types
of components environment and agents. Both are represented at any moment by a string
of symbols that identifies the current state of the component. These strings change ac-
cording to sets of evolution rules. Interaction among agents and environment is carried
out through agents’ actions performed on the environmental state by the application of
some productions from the set of action rules of agents.

Eco-grammar systems can model the structure of dialogue and account for the evolu-
tion of language. According to the idea that dialogue can be understood as the sustained
production of mutually-dependent acts, constructed by two or more agents each mon-
itoring and building on the actions of the other, eco-grammar systems can describe
dialogue as a sequence of acts performed by two or more agents in a common environ-
ment. An example of this application is presented in [6]. In this paper, a formal model
of dialogue based on eco-grammar systems is introduced: Conversational Grammar
Systems (CGS). CGS present some advantages to account for dialogue: a) the gener-
ation process is highly modularized by a distributed system of contributing agents; b)
it is contextualized, linguistic agents re-define their capabilities for acting according to
context conditions given by mappings; c) and emergent, it emerges from current com-
petence of the collection of active agents.

4 Conclusion

We have considered three different areas: agent systems, machine learning and formal
languages. Each of those fields has intrisically good features that enable them to cope
with many real-world problems. The formal apparatus of agent technology provides a
powerful and useful set of structures and processes for designing and building complex
applications. Machine learning is one of the core fields of Artificial Intelligence since
the ability to learn is one of the most fundamental attributes of intelligent behavior. And
finally, formal language theory provides the flexibility and the abstraction necessary
in order to be applied to fields such as linguistics, economic modeling, developmental
biology, cryptography, sociology, etc. Therefore, multi-agent systems, machine learning
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and formal language theory provide flexible and useful tools that can be used in different
research areas due to their versatility. In this paper, we have tried to show that the
individual power of those systems may be increased if they collaborate among them.

In this work, we have focused on two possible intersections: formal languages and
learning; and, agents and formal languages. Our main objective here has been to show
the contributions of those intersections to the area of natural language processing. The
interaction between researchers in those three topics can provide good techniques and
methods for improving our knowledge about how languages are processed.

Language is one of the most challenging issues that remain to be explained. Natural
language is a hard problem not only for linguistics that has not yet provided universal
accepted theories about how language is acquired and processed, but also for computer
science that up to now has implemented natural language processing systems that are
far from being satisfactory. As a complex system, the explanation, formal modelling
and simulation of language present important difficulties. If we deal with language, we
need to connect and integrate several academic disciplines in order to find a solution.
In this interdisciplinary environment, formal languages, machine learning and agents
systems can collaborate –as shown in this paper– in the description, explanation and
processing of language.
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Abstract. In order to assess the expressiveness of the CompGuide on-
tology for Clinical Practice Guidelines, a study was conducted with four-
teen students of the Integrated Masters in Biomedical Engineering from
the University of Minho in Portugal to whom it was proposed the rep-
resentation of multiple guidelines according to the ontology. They were
then asked to evaluate the ontology through a questionnaire and writ-
ten reports. Although the results seem promising, there is the need for
significant improvements mainly in: the representation of medication pre-
scriptions, the tasks used to retrieve information from the patient, the
diversity of actions offered by the ontology, the expressiveness of condi-
tions regarding the state of a patient, and temporal constraints.

Keywords: Clinical Protocols, Ontologies, Clinical Decision Support.

1 Introduction

There are various ways of expressing medical knowledge in Clinical Decision
Support Systems (CDSSs) [5], but, among them, decision trees, probabilistic
models, and task-network models (TNM) are arguably the most popular [8]. De-
spite the obvious advantages of each one, task-network models are still preferred
over the others because of their representation of clinical guideline knowledge in
hierarchical structures containing networks of clinical actions that unfold over
time. The main TNMs include Asbru [9], PROforma [2], GLIF3 [1], SAGE [12],
and GLARE [11], among others. The first one, Asbru [9], focuses on temporal
parameters and offers constructs to define starting points, durations, and ending
points of tasks. In addition, it allows the specification of intentions for actions
and prescriptions, as well as the expected outcomes. These time-oriented ac-
tions, conditions and intentions are represented as patterns which assume the
hierarchical structure of plans and sub-plans. As for PROforma [2], it follows
a structure somewhat similar to Asbru in the sense that it also resorts to the
representation of guidelines as plans. There is a root task to which every plan in
a guideline belongs.In turn, a plan has any number of instances of other tasks,
from actions to decisions. Its focus is on argumentation in favor or against a deci-
sion. GLIF3 [1] was the first model to place its emphasis on the use of standards.
In addition to using the task model just as the other models do, it makes use
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of terminologies to avoid semantic ambiguity in the definition of clinical terms,
and employs the HL7 Reference Information Model (RIM) to ensure that other
systems can communicate with a system using GLIF3. As for SAGE [12], a di-
rect evolution of GLIF3, it is considered one of the most complete approaches to
Computer-Interpretable Guidelines (CIGs). This model places a high importance
on the notion of context. The context coordinates the activation of guideline-
based decision support. As such, it has constructs that allow the definition of
the conditions in which medical practice takes place, whether they are related
to the organizational setting and roles, the patient characteristics, or necessary
resources. The procedural guideline logic is represented in an activity graph con-
strained by the already-mentioned context variables. The GuideLine Acquisition,
Representation and Execution (GLARE) [11] model is specialized in the treat-
ment of repeated (periodic) events, which play a major role in clinical therapies.
There are other important models featured in comprehensive reviews such as [8]
and [6]. However, there is no standard computer-interpretable representation for
CPGs, and many of the existing are criticized for lack of expressiveness.

Ontologies are explicit representations of the concepts from a domain. They
are the basic construction units of the semantic web and their objective is to allow
applications to process the content of information, rather than just presenting
it. The Web Ontology Language (OWL) [3] is a standard proposed by the World
Wide Web Consortium (W3C) designed for facilitating machine interpretation.
Ontologies have not been widely explored in the representation of the procedural
logic in clinical protocols, yet, they provide an ideal support for this knowledge.
Thus, the objective is exploring OWL as the underlying language for CIGs and
use it to develop a CIG ontology with the intention of building a sufficiently
expressive representation that would be capable of accommodating knowledge
from different types of guidelines.

This work presents a preliminary study designed to assess the CompGuide
ontology for clinical protocols. As such, the organization of the paper is as follows.
Section two provides a brief description of the ontology with its main primitive
classes and properties. Section three describes the materials and methods for the
study. Section four presents the results and their discussion. Finally, in section
five conclusions and future work considerations are provided.

2 Developed Ontology

The CompGuide ontology was initially presented in [7]. The ontology provides
a task network model representation for clinical guidelines in OWL. In order to
fulfill that purpose, it follows a logic in which complex information elements are
represented as individuals with multiple object properties connecting them to
other individuals, and simple information that cannot be further decomposed is
represented using data properties. However, simple information that is reusable
and will most likely be needed across different guidelines is represented as class
individuals as well. In this regard the representation is similar to a linked list
of procedures. As such, a CPG is represented as an instance of the Clinical-
PracticeGuideline class. Individuals from this class have a set of data and object
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properties that enable the representation of descriptive and administrative guide-
line information such as the name of the guideline, its general description, date
of creation and last update, version, clinical specialty, category, intended users,
and target population. An example of the initial definition of a guideline is given
in Fig. 1.

Fig. 1. Initial definition of a National Comprehensive Cancer Network guideline for
the treatment of colon cancer in the CompGuide ontology.

Every guideline is connected to an individual of the class Plan which, in turn,
is connected to other individuals that represent basic tasks. The procedural logic
and workflow of clinical tasks is represented using three basic classes: Action,
Decision and Question. The objective here is to create a recommendation plan
that contains references to specific types os tasks. The Action class expresses
a procedure that should be carried out by a health care professional. There
are several subtypes of actions in the ontology that specify their nature with
more detail. The Decision class is used to make assertions about the state of
the patient, to infer new information from the existing one. The most obvious
example of such a task is clinical diagnosis. The Question task is used to get
information about the symptoms of a patient, to register information from the
observations of the physician, and to store results from clinical exams. This type
of task gathers all the information necessary for the execution of the clinical
algorithm. Through object properties, it is possible to define the sequence of
execution of tasks or if they should be executed simultaneously or concurrently.

3 Materials and Methods

The objective of the preliminary study was to assess the expressivity of the
CompGuide ontology in four important aspects of CPGs, namely the repre-
sentation of administrative information, the construction of workflow proce-
dures, the definition of temporal constraints, and the definition of clinical con-
straints.These are considered the fundamental aspects of CIG representation and
the pre-requisites of a good CIG model [8]. For that purpose, 14 students from
the fourth year of the Integrated Masters in Biomedical Engineering, branch in
Medical Informatics, from the University of Minho, in Braga, Portugal, aged be-
tween 22 and 23 years old, were selected. They had no prior knowlegde of OWL,
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and received training in both OWL and Protégé [10] for a total of six hours dis-
tributed by three two-hour sessions. After the training, they were taught about
the structure, classes, and properties of CompGuide in a two-hour session.

Then, the students were asked to do an assignment which consisted in the rep-
resentation of a CPG in the referred ontology using Protégé. They were handed
a .owl file containing the definition of the ontology which they should fill in
by adding the necessary elements. The set of CPGs used in the assignment is
showed in Table 1. They were randomly distributed among the students. As
much as possible, one tried that each guideline included multiple categories,
namely diagnosis, evaluation, treatment, and management. The assignment had
the duration of one month, by the end of which the students were asked to fill
in a questionnaire which consisted of sixteen statements regarding the expres-
siveness of the model in the four above-mentioned aspects. The statements used
in the questionnaire complete the general statement: ”The CompGuide ontol-
ogy allowed the representation of:”. Statements 1-9 were about the construction
of workflow procedures, statements 10-12 were related with the definition of
clinical constraints, statements 13-15 were devised to assess the definition of
temporal constraints, and, finally, statement 16 was about the representation of
administrative information. The set of statements can be consulted in Figure
2. The answers were provided in a five point Likert rating scale [4] (1-strongly
disagree, 2-disagree, 3-neutral, 4-agree, 5-strongly agree). It was also asked that
the students handed a ten-page report describing their principal difficulties and
observations while performing the task.

Table 1. List of the guidelines that were used in the study, featuring their name,
organization and the number of people assigned to their representation.

Clinical Practice Guideline Organization People Assigned

Clinical Practice Guidelines in Oncology - Colon Cancer National Comprehensive Cancer Network 2
Clinical Practice Guidelines in Oncology - Rectal Cancer National Comprehensive Cancer Network 2

Clinical Pratice Guidelines in Oncology - Distress National Comprehensive Cancer Network 2
Clinical Practice Guidelines in Oncology - Palliative Care National Comprehensive Cancer Network 2

Detection,Evaluation,and Treatment of High Blood Cholesterol in Adults National Heart Lung and Blood Institute 1
Diagnosing and Managing Asthma National Heart Lung and Blood Institute 1

Diagnosis, Evaluation and Management of von Willebrand Disease National Heart Lung and Blood Institute 1
Diagnosis and Treatment of Respiratory Illness in Children and Adults Institute for Clinical Systems Improvement 1

Diagnosis and Management of Diabetes Institute for Clinical Systems Improvement 1
Diagnosis and Treatment of Ischemic Stroke Institute for Clinical Systems Improvement 1

The process resulted in the diverging stacked bar chart in Figure 2. The chart
presents the total percentage of agreement (calculated as agree + strongly agree),
the total percentage of disagreement (calculated as disagree + strongly disagree),
and the percentage of participants who were neutral (equal to the percentage of
the neutral category), for each statement, in order to show the central tendency
in each item.

4 Results and Discussion

By consulting the chart of Figure 2, and specifically items 1 to 9 which refer to
the representation of different procedures and tasks in a workflow, it is possible
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to verify that, for each item in this group, the level of agreement is at least
equal or above 50%. Indeed, the item about medication prescriptions (item 1)
is the one that has the lowest agreement, the highest percentage in the neutral
category (43%), and the only one that has percentage in the strongly disagree
category (7%). This is indicative that the representation of medication prescrip-
tions may have issues. In fact, in the reports the participants mentioned that
the representation of medication prescriptions was impractical at times. In the
ontology, a medication has to be defined as the subtype of an Action individ-
ual, and one Action can only have one prescription. However, in several of the
represented guidelines what were perceived as single actions included the ad-
ministration of more than one drug, requiring the representation of medication
schemes as several parallel actions instead of a single action with a clear ob-
jective. Another criticism to the representation of medication prescriptions was
that it was mandatory to define an active ingredient, dosage, pharmaceutical
form, and posology for a drug, but in certain guidelines these elements were not

Fig. 2. Diverging stacked bar chart showing the results of the questionnaire to assess
the expressiveness of the CompGuide ontology
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available. Both items 1 and 2 seem to correspond to the requirements of guide-
line representation as they have high percentages of agreement. Item 4 also has
a high percentage of agreement, but it is, among the nine items, the one that has
the highest percentage of disagreement (14%). This may be due to some limita-
tions of the Question class such as the absence of a description data property
where it would be possible to provide a detailed description of the information
that the task aims to obtain. The participants considered that the way in which
the ontology is designed allows the representation of series of questions, decisions
and actions, which mimics the organization of the algorithms of clinical proto-
cols. This is evident in the high levels of agreement of items 5 to 9. Overall, the
organization of the procedural logic of the guideline and the grouping of tasks in
plans was considered to be advantageous, mainly because this helps the delim-
itation of different diagnoses, treatments, and realities. The item that refers to
this grouping of tasks, item 6, has an agreement of 100%. As a whole, and given
the topics presented in the questionnaire, it can be considered that the partici-
pants widely agreed that the CompGuide ontology could effectively be used to
represent the guidelines in question. Nonetheless, there were concerns expressed
in the reports that the available subtypes of actions (namely medication, clin-
ical exam, observation and procedure) would not cover all the possible actions
that clinical protocols may have. Many CPGs have knowledge encoded as index
tables which are necessary in order to calculate health indexes which, in turn,
are later used in decision making. This type of knowledge could not be repre-
sented, which is another aspect to improve. On the other hand, the participants
reported that, by following the design pattern of the ontology, they were able to
find redundant elements in the guideline algorithms which did not trigger any
kind of event or have any consequence further ahead in the clinical process. This
means that the structure of the ontology is at the same time intuitive and can
help to identify points in which the integrity of guidelines are compromised. The
representation of clinical constraints is central to the ontology. Through trigger
conditions, pre-conditions, and expected outcomes it is possible to respond to
changes in the state of the patient and control the execution of tasks. From the
levels of agreement of items 10, 11, and 12, of which the lowest is 79%, it can be
said that the representation primitives for these elements fulfilled, for the most
part, their role. As that may be, the participants mentioned that there were
some obstacles to the definition of conditions. One of them was that conditions
did not allow the representation of intervals for a value of a clinical parameter.
It was possible to use inequality constraints, but to define an upper and lower
bound for a clinical parameter it would be necessary to create two separate con-
ditions. This situation requires extra work from the guideline encoder and may
introduce errors in the encoding.The items referring to temporal restrictions,
namely items 13 to 15, have low agreement when compared to the majority of
the other items in the chart. The agreement that the CompGuide ontology al-
lowed the representation of the duration of clinical constraints was 71%. 29%
of the participants answered in the neutral category. As a matter of fact, the
participants observed that, while it was possible to define how long a task should
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last, the expressive power of the ontology was limited in this regard. It was not
possible to define intervals of duration for tasks with minimum and maximum
values. However, this type of information element occurred very often in the
guidelines. Meanwhile, item 14, which concerns the repetition of clinical tasks,
gathered only 43% of agreement, and 50% of the participants answered in the
neutral category. Despite recognizing the usefulness of the ontology element that
enables the definition of the number of times that a task should be executed,
the participants believed that a crucial element was missing, and that was con-
ditional repetitions, i.e., the possibility of stating that a task should be repeated
if a the state of a patient does not improve. This was also an observation made
within the scope of item 15.Finally, item 16 got 93% of agreement, which seems
to convey that the ontology elements responsible for the representation of ad-
ministrative information such as authoring, name of the guideline, its general
description, date of creation, and so forth, are fulfilling their target function.

On a final note, representation formats such as CompGuide have to also be
capable of representing situations in which the decision is left to the health care
professional. Occasionally, the elements for a decision may not be all present
in the description provided by a CPG, and in such situations guidelines may
recommend that health care professionals follow their best judgment according
to the available evidence.

5 Conclusions and Future Work

Although there was no access to an entire statistical population of interest, given
the time-consuming nature of the survey, the study still provides useful hints for
the development of the CompGuide ontology. Essentially, one may consider that
the guidelines used in the survey were accurately represented according to the
ontology, despite the need for certain adaptations, which did not affect the logic
of the clinical process represented in CPGs. Nonetheless, there is a need for sig-
nificant improvements, mainly in: the representation of medication prescriptions,
the tasks used to retrieve information from the patient, the diversity of actions
offered by the ontology, the expressiveness of conditions regarding the state of a
patient, and temporal constraints as a whole.

These promising results may be due, in part, to the nature of the sample used
in the survey. Since all of the participants were students of medical informatics,
one can say that they have a clearer understanding than most about the role
played by technology as a support for medical knowledge, and, although they
were not familiar with OWL or Protégé, they already knew about similar mod-
els and principles. Moreover, the study should have included a broader range of
CPGs in terms of origin and clinical specialty in order to expose the participants
to a wider diversity of clinical situations. In future surveys, and once the issues
identified are addressed, these aspects should be taken into consideration. Fu-
ture work also includes completing the ontology proposed in this work with the
international standards and data models proposed by HL7.
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Abstract. In this paper, we present the design and implementation of a novel 
agent-based platform with 3D representations for labor integration. In order to 
evaluate and validate the proposed platform, a case study in a real workplace 
environment is modeled, with the purpose of identifying architectural barriers 
that hinder the accessibility and the processes of the workplace environment, al-
lowing us to improve the accessibility of the environment to disabled people. 
Thereby, through the incorporation of novel simulation technics and mecha-
nisms, it is possible to find areas that may be improved. 

Keywords: Multi-agent system, agent-based simulation, 3D representation, 
jade. 

1 Introduction 

According to studies carried out by the United Nations (UN) [26], around 15% of the 
world population suffers some kind of disability, either physical or psychological, 
which hinders or impede them to carry out their regular daily routines in all the scopes 
(work, education, personal, etc.). Inasmuch as this collective faces clear disadvantages 
in their dairy routines to a greater or lesser extent, it is necessary to undertake all pos-
sible efforts to minimize these difficulties. 

The integration of disabled people among the working environment is one of the 
mayor challenges in this regard, since it does not just allow the self-sufficiency of 
disabled people, but it also facilitates their social integration, and their self-esteem 
improvement. However, this is a large challenge. Speaking in quantitative terms, the 
International Labour Organization (ILO) points that there are around 386 million 
working-age people who suffer some kind of disability. This rate reaches values 
around the 80% in some countries [17]. 

There is no doubt that the current society is concerned about this challenge. In ad-
dition, there is a growing preoccupation from the different governments, public organ-
izations and private entities. In this regard, since the declaration of the Standard Rules 
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on the Equalization of Opportunities for Persons with Disabilities by the UN [25], 
different national, regional and local governmental organizations have developed 
specific regulatory frameworks that have improved the everyday lives of people with 
disabilities, where we can highlight, at European level, the Charter of Fundamental 
Rights of the European Union [4], the Treaty on the Functioning of the European 
Union [7], the Council Directive 2000/78/EC [14] and the European Disability Strat-
egy 2010-2020 [6]. These initiatives go in hand with a growing academic attention, 
which has allowed the development of systems, techniques, models and methodolo-
gies oriented to improve the accessibility [18]. So, as example, we can highlight the 
work proposed by [9] that presents a software user-friendly man machine interface for 
accessing AT software in cloud computing or [20], where an obstacle avoidance sys-
tem and a Fuzzy Logic Controller (FLC) adapted to a wheelchair is presented. 

Beyond the development of these artifacts, one of the most promising study fields 
is social simulation, which in general terms, is applied to obtain a higher knowledge 
of a certain phenomenon which is being studied [5]. In the framework of the disabled 
people occupational integration, simulations can allow discovering in advance the 
problems which workers with disabilities will find before this problems occur. Within 
the scope of this research work, a new multi-agent system (MAS) based simulation 
platform is proposed. This platform makes use of 3D models of the workplace in or-
der to perform accurate simulations, allowing at the same time to collect relevant and 
high quality data. Through the use of the proposed platform, it is possible to investi-
gate in new mechanisms oriented to the decision making regarding the workflows 
present in the environment, the architectonical barriers detection, etc. This will allow 
the improvement of the workplace environment accessibility. 

The rest of this paper is organized as follows: section 2 provides a brief introduc-
tion to the Agent-Based Social Simulation (ABSS) theory, Section 3 defines the pro-
posed system, Section 4 evaluates the proposed system through a case of study and 
we conclude and introduce future research topics in Section 5. 

2 Agent Based Social Simulation 

ABSS is one of the most representative techniques which are used to complex inquir-
ies where a large number of active and heterogeneous objects are present. These ob-
jects can be humans [21], business units [16], functional or nonfunctional objects 
[27], animals [23], etc. The phenomenon to be simulated is a set of sequences or 
events in a system (natural or artificial), which can exist (or not) in the real (or artifi-
cial) world and can be configured in the simulation model. These tasks are interrelat-
ed, since they finally are time or order dependent within the events which take place 
in the system. In this way, the simulation model allows the implementation of differ-
ent and specific functionalities for each kind of target, applying different degrees of 
freedom. The complexity lies in the fact that this kind of models allow the simulation 
of complex and changing events, so the use of intelligent agent based techniques is 
appropriate, arising in this direction the ABSS concept [10]. This technique is focused 
on the social phenomenon simulation, using MAS models. Therefore ABSS is a com-
bination of social sciences, agent-based computation and computational simulation. 
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The use of this techniques is specially indicated when it is necessary to capture differ-
ent tasks, elements, objects, persons in dynamic complex environments, as long as 
they can be implemented without having a deep knowledge about the global interde-
pendencies. Moreover, it also allows facilities on changing models, since it is not 
necessary to make local changes, but global [2]. Besides, the benefits of agent based 
computing for computer simulation include various methods for evaluating MAS or 
for training future users of the system [11]. 

The use of this models and tools in ABSS allows modeling a great variety of tasks 
and environments. In fact, it has been applied in previous works, obtaining good re-
sults [13], [3]. However, it has been observed that there are certain difficulties when 
modeling the physical environment which we intend to simulate [19]. This feature is 
especially relevant when modeling simulations oriented to the disabled people work-
place integration, since a high problem percentage of the problems to be solved are 
related with the structure of buildings, or accessibility barriers (steps, ramps, lifters, 
doors, corridors, etc.). 

3 Agent-Based Platform for Simulating Working Environments 

In this section the proposed platform is presented. One of the main aims to be 
achieved with its design and development has been the capability of modeling differ-
ent environments in a flexible and dynamic way. For that reason, a novel combination 
of virtual organization (OV) based MAS has been used [15], allowing to model the 
human organization and a 3D environment representation where simulations can be 
carried out. A representation of the proposed simulation architecture is illustrated in 
Fig. 1. 

 

Fig. 1. Agent-based simulation platform 
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On the other hand, the 3D environment consists of an editor and a visualizer, 
both implemented using the Unity 3D engine –http://unity3d.com/–. Firstly, the 3D 
edition environment allows to model virtual tridimensional environments of urban 
areas (buildings, flats, apartments, gardens, parks, etc.) with a high level of quality 
and realism. All the maps and 3D models are stored remotely in a Cloud Computing 
(CC) platform. Secondly, the 3D visualizer makes possible the representation and 
rendering of both the environment and the characteristics that we have defined previ-
ously on the 3D editor, which we will get from the CC platform. It will also be  
responsible for displaying the agents which are part of the system, enabling the visu-
alization of how each agent performs different tasks. 

One of the main problems that we can find on the development of 3D scenes can 
be found when a model needs to move from one point to another one. In such cases, it 
is necessary to use an algorithm responsible for the path finding. On this occasion we 
make use of CritterAI [8], a navigation tool for use with Unity. It includes navigation 
mesh generation, pathfinding and local steering features, including implementations 
of both A* and Dijsktra search algorithms. 

3.2 Communication between the Agents Platform and the Visualization Tool 

As we have highlighted previously, one of the main tasks in the platform is to estab-
lish communication between JADE and the 3D environment. On this way, we can 
offer a real corresponding between the events that take place at the platform of agents 
and the visualization, which occurs at the 3D platform. Inside the platform of agents, 
there will be an agent who is responsible of managing the communications from 
JADE. 

With this purpose, communication between the platform of agents and the 3D envi-
ronment will be done through TCP sockets, so with that purpose, it has been devel-
oped an Unity’s module that manages the requests from the platform of agents and 
vice versa. On the side of JADE, an agent called Communication agent will be re-
sponsible of attending all the requests that will arrive from Unity and doing then the 
related tasks, attending to the exchanged frame. 

Creation, elimination and interaction tasks between agents that are executed at the 
platform, must be updated at the 3D environment, and the creation, elimination and 
interaction tasks between agents that are requested from the 3D interface, must be 
carried out firstly at the platform of agents to be subsequently updated at Unity. The 
communication will be divided in two blocks: 

• Sockets to simulate the JADE tasks and its corresponding update at Unity, with this 
purpose three elements are used: one socket to send the tasks, another one for con-
firming the tasks which have been carried out and one table for keeping a record. 

• Sockets in charge of performing the tasks which are initialized from the Unity 
interface, which must be previously done in JADE to be later updated in Unity. 
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4 Case of Study 

The proposed simulation platform has been evaluated through a case of study, which 
is oriented to validate the proposed system. The scope of this case of study is the 
analysis of the accessibility level of different workstations in a real company, called 
Indra Software Labs, located in Salamanca, Spain. Through the performance of sever-
al simulations, we will be able to extract knowledge about how disabled workers can 
find different accessibility problems in the company during their usual activities. 

In order to perform the simulations, it will be necessary to define the characteristics 
of the VO of agents, allowing to model de different processes which take place in the 
company as faithful to reality as possible. To that end, we will define all the different 
roles which agents can acquire, the necessary services for the correct performance of 
the organization, the norms which will govern the society and the messages and inter-
actions between agents. In addition, we have to model the environment where a simu-
lation takes place, in this case the building of the company under consideration.  
Subsequently, we will carry out a set of simulations in order to show how the organi-
zation behaves in different conditions, to finally effect a validation of the proposed 
model. 

First, we define the interaction model, analyzing the needs of the system users, as 
well as the way in which the information exchange is carried out. De roles we define 
are as follows: 

• Direction: this agent is responsible of planning the tasks which the whole organi-
zation will carry out. It generates the tasks which represent the objectives to be ac-
complished by the organization, delegating its distribution to the different agents in 
charge of the company areas, according to the nature of the task. 

• Area/department responsible: an agent in charge of planning the distribution of 
the tasks which have been assigned to the department which it manages, attending 
to the availability and capabilities of the agents. 

• Worker: agents that represent each one of the workers participating during the 
simulation. This kind of agent will have a stack where to store all the tasks that 
they have to carry out, and have been previously assigned through the ar-
ea/department responsible. This agents will emit information about the degree of 
success which they have done each one of the tasks. All this agents share certain 
elements, which define a set of shared behaviors and cognitive capabilities be-
tween them. Beside of this shared characteristics, the agents will have their own 
characteristics, which are defined according its role in the organization, as well as 
its disabilities. The assigned roles will determine the tasks which an agent could 
do, as well as the specific behaviors for each one of them, enabling the possibility 
of modeling different executions of the same task, attending to the kind of disabil-
ity that a worker might present. 

• Environmental agents: represent those elements of the building which an agent 
can interact with in a direct way. We can find examples of environmental agents in 
elements such as telephones, lifters or photocopiers. 
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Among the processes which take place in the company that we are studying, we 
have identified three kinds of departments, according to the tasks that workers per-
form: reception, administration and maintenance. The worker-kind agents will have 
associated a set of tasks that they can carry out, attending to the department which 
they belong to. Once the building model and the interaction model are defined, we 
will be able to perform the simulation. To that end, we shall deploy the visualization 
tool, which will need to perform certain operations before starting the simulation: (i) 
loading the building model, (ii) generating the navigation mesh, (iii) synchronization 
with the platform of agents. In Fig. 3 it is shown a visualization tool screenshot. 

 

Fig. 3. 3D representation of the Social simulation 

First there has been planned a 15 minutes simulation, with a total of 8 worker 
agents: 1 receptionist, 2 maintenance and 5 administration workers. Three of them 
present reduced mobility problems, three of them are visually impaired and one of 
them is deaf. 

After the simulation, the tool generates a report which details all the accessibility 
problems which avatars have found, and have hampered the correct consecution of the 
tasks which were assigned to them. 118 tasks have been carried out correctly and 79 
have failed (Fig. 4 (A)). Some of the limitations found by the system were: (i) lack of 
adapted bathrooms for disabled people in common areas, (ii) the workstations are not 
adapted to deaf or visually impaired people, making impossible to carry out tasks 
such as answering the phone, or being aware that the fire alarm is active, (iii) lack of 
access ramps to higher floors as an alternative to the lifter, which, in case of a break-
down will impede the access and exit to the building, (iv) limited access to certain 
workstations –spaces are not wide enough for a wheelchair– or (v) not accessible 
furniture elements –filing cabinet, photocopiers-. 

Once this accessibility problems have been detected, a redistribution of the furni-
ture elements whose accessibility may be improved, as well as the relocation of cer-
tain workstations of people using wheelchairs, or the adapting of certain workstations 
of people with visual or hearing impairment is proposed. 

After this steps, we come to execute a new 15 minutes simulation, obtaining as re-
sult a total of 163 successful tasks and 28 failed tasks (Fig. 4 (B)), passing from a 
reduction of the 40,1% of the failed tasks in the initial simulation, to a 14,7% in the 
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second simulation. Obviously, there are still some elements of the environment which 
will keep limiting its own accessibility, as the lack of access ramps or adapted bath-
rooms, but it has been proved that there is a possibility to improve the accessibility of 
the environment through the restructuration of the furniture or the workstations in the 
critical points which have been detected through the simulation. 

 

 

Fig. 4. A: First simulation results; B: Second simulation results 

5 Conclusions 

Once the simulation platform has been presented and evaluated, we can affirm that it 
allows performing simulations that are oriented to the integration of disabled people 
into the workplace, allowing the analysis of both the tasks which are done in the 
workplace and the environment physical characteristics where this tasks are per-
formed. In this regard, a previous analysis about the state of art on related systems and 
models, as well as current legislation on this issue has been done. 

Moreover, we have model a real organization through the use of a VO of agents, 
with self-adaptive capabilities. This system has been implemented using JADE, but 
adapting this platform to our special needs. In the same way, we have created a 3D 
environment, which is able to model and carry out simulations in the working envi-
ronment. Additionally, we have developed a system which allows the communication 
between both platforms, enabling to share relevant information regarding the commu-
nications. In conclusion, this implementation as a whole allows simulating the  
processes which take place in a company, with the purpose of establishing which 
accessibility problems can occur among the working environment where the repre-
sented workers perform their work, as it has been shown on the case of study. 
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Abstract. Practical applications of multi-agent systems have acquired a grow-
ing relevance during last years. This kind of system is based on distributed arti-
ficial intelligence and they pay special attention to organizational concepts, This 
allows a more realistic design of artificial societies. In this paper, we are pre-
senting a multi-agent system based on virtual organizations, which has been 
specially designed to model a Purchase Porter System aimed at helping clients 
of shops to transport their shopping. The system establish agreements to trans-
port shopping to the more appropriated exists for the client. The system has 
been tested in a simulated environment and the initial results are promising.       

Keywords: purchase porter system, multi-agent systems, virtual organizations. 

1 Introduction 

Even though e-commerce is the most popular commercial method over the last few 
years, most consumers still go shopping at commercial centres.  

A large part of the success of these shopping centres is based on the wellbeing of-
fered to clients. According to [1], six are the main factors that affect comfort: func-
tionality, convenience, safety, leisure, atmospherics and self-identification. 

However big malls have disadvantages. For example, clients usually report they 
find difficult taking bags and shopping items from one shop to another. Obtaining a 
solution for this problem requires designing new mechanisms for the acquisition and 
management of huge amounts of information about the environment.  

Multi agent systems (MAS), used as a way to create artificial societies, have 
achieved great importance during the last years [2][3].   

MAS are one kind of distributed artificial intelligence in which autonomous and 
individual agents collaborate and cooperate within an artificial society to achieve 
defined objectives. These MAS incorporate advanced reasoning models as well as 
learning and adaptation capacities.  

One of their many characteristics is the ability to represent interaction models, 
close to the ones found in human societies [4]. Nonetheless, they do not consider 
organizational aspects such as rules or regulations.  
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Therefore, it is necessary to utilize virtual agent organizations to implement a real-
istic artificial society. These organizations allow to represent regulatory and manage-
ment aspects, which is a much better implementation, being a more efficient and prac-
tical solution. 

In the framework of this paper, it is proposed a help system to aid customers in 
shopping malls, designed as a MAS based on virtual organizations (VO), in which 
every virtual organization represents each different area of the commercial centre. At 
least, one porter agent will exist in each organization and it will be responsible for 
receiving all customer purchases, as well as delivering them in a convenient place at a 
scheduled time. 

To accomplish the implementation of this system, PANGEA [5], an agent plat-
form, has been chosen as it was developed by the participants of this work. This is 
important, as it was mentioned before, for resembling the system architecture to the 
real structure of shopping malls. Although, virtual organizations are self-adapting 
systems that suit specific situations automatically, without needing human interaction. 

Through this article, the problem described in section 2 will be explained with 
more detail. In chapter 3, the suggested solution, based on virtual organizations, is 
introduced and then, its results and conclusions in section 4. 

2 Review of the State of the Art 

We refer to MAS when two or more agents are able to collaborate for solving a prob-
lem [6]. Concretely, one of them is required to be autonomous, and at least, there 
must exist a relation between two agents in which one of those satisfies the objectives 
of the other.  

The main characteristic is that every agent focus in its own individual task, alt-
hough the data they use is decentralized across the system. So, each agent must estab-
lish their goals and plans to meet their objectives, always taking into consideration the 
environment where it is located. However, to accomplish those tasks, agents have to 
work coordinately, so this is why the global system needs to implement communica-
tion and control mechanisms.  

In order to implement global system control, modelling its structure as a set of VOs 
can be very helpful. VO are sets of individuals and institutions that need to coordinate 
their resources and services within some institutional bounds [7]. Therefore, agent-
based virtual organizations hold a social structure and a set of rules which regulate the 
interaction among the different agents. In addition, they have to own a coordination 
mechanism to determine the way agents fulfill their tasks. 

There are several previous works which focus their case studies in the application 
of models with agent-based virtual organizations to shopping malls, i.e. the one ex-
plained in reference [8]. In that case, a MAS was responsible of managing and plan-
ning routes to clients making use of THOMAS architecture [9].  
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3 A VO-Based Purchase Porter Multi-agent System 

In the last few years, many large-scale commercial institutions have found important 
business opportunities by creating shopping malls with a great number of brand stores 
and services such as cinemas, restaurants or skating rinks. This is one of the reasons 
why malls are successful.  

When people go shopping at commercial centres, they buy products in different 
stores, carrying more and more items from one shop to another. As purchases in-
crease, customers feel tired and uncomfortable. 

For the purpose of solving the problem mentioned above, we have proposed a pur-
chase porter system with multi-agent technology. In this porter system, individual 
porter agents have their own workspace. They receive purchases from each store and 
then, they carry them to the exit to be on time for the desire collection time. 

When a porter agent of a certain area receives a transportation request from a shop, 
products are delivered from the shop location to the agent position. If clients desire to 
pick the items at the exit of this area, the porter agent transport them to the specified 
place on time. 

Otherwise, the agent communicates with the representatives of adjacent areas. In-
ternally, the best possible route is calculated considering the destination, time remain-
ing and the priority of other requests.  

This way, products are optimally carried across several areas by delegating the 
transportation task among several porter agents, each one responsible of its own 
workspace.  

 

Fig. 1. Transfer of purchase 

Figure 1 shows the transfer of purchases among agents. In Fig 1(a), the initial sit-
uation is represented, having the agent A, a purchase needed to be delivered at the 
destination point. As this location is at the exit of agent B workspace, A gives the 
purchase to agent B, Fig 1(b). 

With this system, clients do not need to take items with them every time they enter a 
new shop. Also, purchases are collected whenever the client wants and in the exit they 
choose. Usually, customers would like to pick all the items when they return home. 
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3.1 Features of the Purposed Porter System Are as Follows: 

3.1.1 Environment 
The environment has several stores and exits. 

• Store 
In each store, transportation of purchases occurs constantly. 

• Destination 
Every destination is located on the outer circumference of the environment and 

they become the final destination of the purchase. 

3.1.2 Purchase 
Every purchase has information about a collection point (exit) and time, both set by 
the customer. Our system adds a priority calculated according to the remaining time 
and distance to the destination.  

Table 1 shows priority for the destination time. Our system attaches a priority so 
the system is working full time. The shorter the remaining time, the higher the priority 
is. 

Table 2 shows priority for the distance to the destination. It includes a priority sys-
tem so that the distance becomes as long as possible. When a distance is shorter, the 
associated priority to the distance is larger, due to efficiency. 

Porter agents are able to transport purchases by evaluating these priorities without 
being late for a time limit. 

3.1.3 Agent 
An individual porter agent has a certain workspace and it can only move in its own 
area. They receive the purchases of a shopper from each store. Then they carry those 
purchases to the destination to be ready for collection on time. 

Table 1. Priority for remaining time 

 

Table 2. Priority for distance 
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This characteristic allows to improve the control of each node in the system in an 
individual or collective way. 

Furthermore, this is fundamental when controlling and monitoring the state of the 
client purchases in every moment. This process is accomplished by the ‘Monitoring 
Tool’ which allows to keep and visualize records of everything that has happened in 
the system. It also enables to define a set of rules which are fundamental during the 
process of implementation. 

Several specifically designed and structured agents have been added to control 
agents, which the architecture presents for using basic functions. These new agents 
develop the case study introduced in this article. 

 

Fig. 3. Scheme showing the subsystem developed 

In figure 3, it is shown a scheme representing the subsystem structure for the case 
study proposed. In it, there are three virtual organizations as an example, but there 
will be as many as areas defined in the shopping mall plus one. New areas are defined 
by creating new organizations. This task is performed by the organization agent 
which is provided by PANGEA. 

In each organization associated to an area, there must exist an agent for every shop 
existing in that area. This agent will notify the shopping agent each time a new pur-
chase is completed in the shop it represents. 

Also, every shopping agent is located in a virtual organization together with the 
appointment agent, which is in charge of managing all system priorities as it has been 
explained before. 

In order to check whether which areas (represented as organizations in PANGEA) 
are adjacent among them, several XML rules are defined. They indicate which organ-
izations can communicate among them (adjacent organizations) and those which  
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cannot. This process is carried out by the PANGEA rule agent, using its monitoring 
tool following the scheme below: 

 
<norm id=0 type="prohibition"> 
 <organization name="*"/> 
 <organization name="*"/> 
 <level>10</level> 
</norm> 
<norm id=1 type="permission"> 
 <organization name="A"/> 
 <organization name="B"/> 
 <level>1</level> 
</norm> 
<norm id=2 type="permission"> 
 <organization name="A"/> 
 <organization name="C"/> 
 <level>1</level> 
</norm> 
… 
 
This would mean, as expressed in the rule with identifier equal to 0, that no organi-

zation could communicate with others, unless there would be rules with higher priori-
ty (lower level) indicating the opposite. This is the case for rules with id 1 and 2 
which express that organizations (areas) A-B and A-C are adjacent. 

4 Results and Conclusions 

This article introduces a new porter system with multi-agent systems and virtual or-
ganizations. The main focus of this article is to provide a customer-driven solution in 
large scale commercial institutions. However, satisfying all clients may be a compli-
cated task, due to its high number. Despite this, the system is able to transport almost 
all purchases to the exit on the specified time. This is possible thanks to the proposed 
priority queue.  

However, in our system, the stores request delivery of purchases at a constant  
interval. But this is unrealistic. Therefore, our future work is to implement several 
improvements to address a real flow of purchases over time. 

Regarding the use of virtual organizations, the architecture is organized in a way 
that resembles a real shopping mall. This way, areas and agents are distributed easily.  
Likewise, PANGEA features fit perfectly to create organization-based structures, 
permitting control and monitoring all moves occurred. This architecture presents  
an adaptive and scalable design capable of adjusting itself to new conditions, being 
applicable to any commercial setting. 
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Abstract. Multi-agent systems are composed by many independent
agents where the task of some of themmay depend on the task of others. In
this work we present a generic Stochastic Petri Net model for agents and il-
lustrate the usage of a sound, complete and decidable logic system to verify
properties in multi-agent systems modelled as Stochastic Petri Nets: the
DS3 logic. This logic takes advantage of the intuitive graphical interpre-
tation of Petri Nets, allowing the user to model the behaviour of agents
and their interactions by means of nets (i.e. seen Petri Nets as graphs).
Our approach leads not only to a usual place-transition connection pro-
vided by Petri-nets underlying graphs modelling, such as the verification
of properties and validation of agents, but also regards the verification of
properties concerning their behaviour inside an environment.

1 Introduction

Multi-agent systems are composed by several agents that aim to eventually reach
some goals that need the contribution of other agents [1, 2]. The agents are
autonomous and there is no centralised controller which leads to a complex
scenario to verify properties into the full system. Some of the difficulties lay
down on how to deal with the asynchronous aspects of the concurrency.

Into the task of verifying properties it is imperative to consider the interac-
tion between agents which may lead to scenarios of higher complexity. Among
many other characteristics, it may be required to verify if some situation may
be achieved (reachability), if two or more processes are waiting for each other
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to release some resource (deadlock), and if the system will be working properly
(liveness). This also regards synchronization aspects that are vital to ensure the
safety of systems. However, this seems to be still a problem nowadays. The ver-
ification procedures may lead to callbacks, deadlocks and state explosions [3, 4].
The interaction among the agents are generally described as depending on time.
This allows its definition by means of Stochastic Processes [5].

Stochastic Processes lack on natural ways to model synchronization, which
are desired for many multi-agent scenarios. Concerning situations where many
agents need to communicate sharing or contending resources, synchronisations
are always present and deal with system properties quite difficult to verify.

Petri Nets are a formalism to specify concurrent systems which has an intuitive
graphical interpretation. Agents are independent but may require the result of
the computations of other agents (collaboratively or competitively) to reach some
goal. In a multi-agent system, that can achieve a huge amount of variables, this
requirement may lead to a quite difficult scenario to predict. The usage of Petri
Nets can offer means to model such systems. Model multi-agent systems using
Petri Nets takes a large body of literature [2, 6–9].

In order to increase the expressiveness of Petri Nets, we associate an expo-
nentially distributed random variable to each transition, defining a Stochastic
Petri Net (SPN – detailed in Section 2). This model of Petri Nets is widely
used for non-linear time modelling and, as ordinary Petri Nets, it has an intu-
itive graphical interpretation and provides native support to synchronization.
We extend the model by associating a random variable with each transition to
control their firing rates (i.e. making it possible to model random subjects of the
environment) [10–13].

The usage of SPN to model multi-agent systems is already present into the
literature [9, 14, 15]. Not only by the increased expressive power, in scenarios
where state explosion is present, it may be quite difficult to achieve the optimal
answer on the formal verification. Using SPN it is possible to get a probabil-
ity answer which may give a confidence of safety, which is inherited from its
Stochastic Process behaviour.

We present the usage of a logic to deal with Stochastic Petri Nets, the DS3

logic. The main advantage of this approach is to lead the user the capability of
achieving logical certification of properties as well as a probabilistic answer for
their verification. This work shows how one can model and verify properties of
multi-agent systems using this logic.

The DS3 logic [16] (detailed in Section 4) is a sound, complete and decidable
extension of Petri-PDL [17]: a muti-modal logic used for reasoning about Petri
Net programs where each modality is composed of a program π with a markup s,
denoting a modality as 〈s, π〉. The interpretation of a formula 〈s, π〉ϕ is that after
the Petri Net program π runs with initial markup s there is a state reachable
from the initial state where ϕ holds (and analogous for a “necessity” modality
where ϕ must hold in all states accessible from the initial: [s, π]ϕ ↔ ¬〈s, π〉¬ϕ).
The extension presented by DS3 concerns in replace the ordinary Petri Net
program by an Stochastic Petri Net program, increasing its expressability.
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Despite other stochastic approaches toDynamic Logics for reasoning about con-
current systems [18–22], DS3 presents good features. The other systems found in
the available literature lack on some properties as a finite axiomatization, allow
boolean combination of propositional variables, a better expressability (some are
defined only for regular programs), decidability, may require a translation of the
program to a measurable function (hard to model) or only let one to know if some
probability is greater than a constant value.

Combining the usage of Stochastic Petri Nets and DS3 we propose a method-
ology to formally very properties in multi-agent systems. SPNs naturally encode
the concurrency aspects and DS3 allows the verification of satisfiability of prop-
erties, leading this approach to a huge theoretical support for properties verifi-
cation that are not expressible in other formalisms (i.e. stochastic processes) or
not verifiable (i.e. trace theory). This work extends [23] by considering a generic
Petri Net model for agents [24] (extending it in order to take a more general
model). One of the advantages of our approach is its ability to verify properties
not only into the interactions between agents but also verifying properties and
validate agents. Our contribution is to show, by means of a concluding concep-
tual argument, that Stochastic Process and Logic based validation work together
better than individually on providing tools for MAS formal validation.

2 Stochastic Petri Nets

A Stochastic Petri Net (SPN) [13] is a tuple P = 〈S, T,W,M0, Λ〉, where S is a
finite set of places, T is a finite set of transitions with S ∩ T = ∅ and S ∪ T �= ∅
and W is a function which defines directed edges between places and transitions
and assigns a w ∈ � that represents a multiplicative weight for the transition,
as W : (S × T ) ∪ (T × S) → � (in this work we consider w always as 1), M0

is the initial markup and Λ = λ1, λ2, . . . , λn the firing rates of each transition
(i.e. the parameter of each exponentially distributed random variable associated
with each transition, a way of model the proportion of firing of this transition
despite its preset).

The firing rate in an SPN is determined by the markups and the firing rate.
Each transition ti ∈ T is associated to an unique random variable of the expo-
nential distribution with parameters λi ∈ Λ.

In the initial markup (M0) each transition sets its firing delay (i.e. a timing
for an enabled transition fires) by an occurrence of the random variable whose
transition is associated. Each firing delay is marking-dependent and the ti ∈ T
firing rate at marking Mj is defined as λi(Mj) and has average firing delay
(i.e. the average value of a random variable occurrences) of [λi(Mj)]

−1. After
a firing, each previously non-marking-enabled transition gets a new firing delay
by sampling its associated random variable. A previously marking-enabled that
keeps marking-enabled has its firing delay decreased in a constant speed. When a
transition firing delay reaches zero, this transition fires. In this work we consider
the subset of Stochastic Petri Nets described below.

So, given a markup M of a Petri Net, we say that a transition ti is enabled
on Mj if and only if there is a token in each place of its preset and its timing
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is the minimum into the Petri Net, that is ∀x ∈ •ti,Mj(x) ≥ 1 and λi(Mj) ≤
min(λ1(Mj), λ2(Mj), . . . , λn(Mj)), where

•ti denotes the preset of the transition
ti and t•i denotes its postset. A new markup generated by setting a transition
which is enabled is defined in the same way as in an ordinary Marked Petri Net,
i.e.

Mi+1(x) =

⎧
⎨

⎩

Mi(x)− 1, ∀x ∈ •t \ t•
Mi(x) + 1, ∀x ∈ t• \ •t
Mi(x), other case

(1)

and a new firing delay for a transition ti after a markup Mj is defined as

λi(Mj+1)

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

= newe(λi) if

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

{∀x ∈ •ti,Mj(x) ≥ 1
λi(Mj) ≤ min(λ1(Mj), . . . , λn(Mj))

or{∃x ∈ •ti,Mj(x) < 1
∀x ∈ •ti,Mj+1(x) ≥ 1

< λi(Mj) other case

(2)

where newe(λ) denotes a new occurrence of the random variable exponentially
distributed with parameter λ associated to ti. Notice that in this work we con-
sider that ∀x∀yW (x, y) = 1.

We follow the restriction presented in the work of Almeida and Haeusler [25]
in which there are only three types of transition to define all valid Petri Nets
due to its compositions. These basic Petri Nets are as in Fig. 1.

X Y

(a) Type 1 : t1

X

Y

Z

(b) Type 2 : t2

X
Y

Z

(c) Type 3 : t3

Fig. 1. Basic Petri Nets

3 Multi-agent Systems as Stochastic Petri Nets

To exemplify the modelling and verification of multi-agent systems we consider
a scenario composed by agents that will collect some data and process it. This
model takes attention to the fact that some agents may be energy limited (e.g.
agents inside wireless sensors). Considering the case where energy is not relevant
(i.e. the agent is always connected to some power supply), that is the case where
there is always a token in the energy representative place.

Take into account the SPN on Fig. 2. The amount of tokens in the place
“Energy” denotes the running (working) is possible. A token in other places
denotes that the respective process in the stage of processing.
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Note that the verification step (i.e. the place “Verify”) can not be properly
modelled in an Ordinary Petri Net. This step denotes a stage of validation of
the correctness of the result (two transitions may fire after this stage, one for
success and another for failure). If the verification returns ok then the data is
returned by the agent. If not, they send a token to the place “Parse” meaning
that the data will begin its processing again. As the failure rate is not (usually)
the same than the success rate, it is required to set adequate fire rates (i.e. use
an stochastic variable adequate to each transition). The λ parameter associated
to the corresponding transition will denote the failure rate of the processing.

Collect Parse Process1

Process2 Verify

Energy

Fig. 2. A complete agent

To compose a hybrid multi-agent system (i.e. with more than one kind of
agents) we have another kind of agent, denoted by the SPN in Fig. 3. This
SPN denotes a simpler agent in which the data cannot be fully processed. This
agent must send its partially processed data to an agent capable of complete
its processing (the transition inputing into place “Process2” in Fig. 2 denotes
the input of the semi-processed data by this simpler agent). We also consider
that these simpler agents have a clock faster than the full agent presented in
Fig. 2. To deal with these clock differences we must set adequate values to the
λ parameter of the corresponding transitions (i.e. set the firing rate).

This agent model is inspired in a generic Petri Net agent model [24], modifying
it in order to represent more details (e.g. the failure rate) and accomplished with
a Stochastic Petri Net. This model can be extended to more detailed scenarios
decomposing places Process1 and Process2 in SPNs that detail the processes.

We compose these two kinds of agents in the scenario presented in the SPN of
Fig. 4. We have four agents (A1, A2, A3 and A4) that must collect and process
some data from the resource centre (r), but agents A1 and A2 can not make
the full process and need that A3 or A4 complete the computation. Another
characteristic of this system is that A3 and A4 have a faster processor than A1

and A2 and that A1 and A2 are in a shared memory system, but the clock of the
processor of A1 is faster than A2. As the clock of the processor of A1 is faster
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than the one of A2, the firing rates (i.e. the λ parameter of the random variable
which is associated with the transitions whose preset or postset depends on A1)
is greater than those of A2.

Collect Parse Process1

Energy

Fig. 3. A basic agent

r

A1A2

A3

A4

m

Fig. 4. Petri Net of a four agents system

Fig. 3 denotes the behaviour of agents A1 and A2 and Fig. 2 denotes the be-
haviour of agents A3 and A4. Note that to model the fact that the processor of A1

is faster than the processor of A2 we may set values to the λ parameter random
variables associated to the transitions that represents this fact. Concerning a full
agent (i.e. an agent that is able to complete the desirable computation – agents
A3 and A4), they have a verification step, in which they test if the processing is
correct. If it is correct, they just send the data (i.e. the place correspondent in
the SPN of Fig. 4 will receive a token).

Notice that the leftmost arrow with no place in its origin denotes the input
from the data resource of Fig. 4. Similarly, the bottom most arrow with no place
in its origin denotes the input from a basic agent. This connection is used for



Reasoning about Multi-Agent Systems Using SPN 81

synchronisation between agents (i.e. a basic agent send its preprocessed data to
finalize its processing).

This SPN of Fig. 4 encapsulates the complexity of the internal operations of
each agent. Despite of the fact that some properties will not be verifiable, this
approach leads to a simple net in which properties verification and/or validation
may be efficiently done (e.g. reducing state explosion in a model checking pro-
cedure). If it is required to know some property inside some agent, it is possible
to “zoom in” into the SPN place, replacing it by the agent SPN.

4 The DS3 Logic

The logic DS3 [16] is a multi-modal logic in which each program is a Stochastic
Petri Net. Among its advantages, we have that DS3 is proved to be sound,
complete and decidable and has deductive systems.

The DS3 language consists of

Propositional symbols: p, q. . . , where Φ is the set of all propositional symbols
Place names: e.g.: a, b, c, d . . .
Transition types: T1 :at1b, T2 :abt2c and T3 :at3bc, each transition has a

unique type
Petri Net Composition symbol: �
Sequence of names: S = {ε, s1, s2, . . .}, where ε is the empty sequence. We

use the notation s ≺ s′ to denote that all names occurring in s also occur in
s′.

Definition 1. DS3 program
A DS3 program is a pair (Π,Λ) where Π is a composition of transitions

defined as (let s a sequence of names – the markup of Π):

Basic programs: πb ::= at1b | at2bc | abt3c where ti is of type Ti, i = 1, 2, 3
Stochastic Petri Net Programs: π ::= πb | π � π
Marked Stochastic Petri Net Program: Π = s, π

Λ(π) = 〈λ1, λ2, . . . λn〉 is a function that associates a positive real value with each
basic transition π ∈ Π where π = π1�π2�· · ·�πn that denotes the value of the
parameter of the exponential random variable associated with each transition.

Definition 2. A formula is defined as (let s a sequence of names)

ϕ ::= p | � | ¬ϕ | ϕ ∧ ϕ | 〈s, π〉ϕ.

We use the standard abbreviations ⊥ ≡ ¬�, ϕ ∨ φ ≡ ¬(¬ϕ ∧ ¬φ), ϕ → φ ≡
¬(ϕ ∧ ¬φ) and [s, π]ϕ ≡ ¬〈s, π〉¬ϕ.
Definition 3. We define the firing relation f : S × πb → S as follows

– f(s, at1b) =

{
s1bs2, if s = s1as2

ε, if a �≺ s
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– f(s, abt2c) =

{
s1cs2s3, if s = s1as2bs3

ε, if a, b �≺ s

– f(s, at3bc) =

{
s1s2bc, if s = s1as2

ε, if a �≺ s
– f(ε, η) = ε, for all petri nets programs η.

Definition 4. DS3 Frame
A frame for DS3 is a tupple F3 = 〈W,Rπ,M, (Π,Λ), δ〉 where

– W is a non-empty set of states
– M : W → S
– (Π,Λ) is a Stochastic Petri Net where

• Π is a finite Stochastic Petri Net such that for any program π used in a
modality, π ∈ Π (i.e. π is a subnet of Π)

• Λ(π) = 〈λ1, λ2, . . . , λn〉 is the sequence of �+ values denoting the fire
rate of each transition of π1 � π2 � · · · � πn = π ∈ Π

– δ(w, π) = 〈d1, d2, . . . , dn〉 is the sequence of firing delays of the program π ∈
Π in the world w ∈ W respectively for each program π1 � π2 � · · · � πn = π,
satisfying the following conditions (let s = M(w) and r = M(v))
• if wRπb

v, f(r, πb) = ε, δ(w, πb) = δ(v, πb)
• if f(s, πb) = ε, f(r, πb) �= ε and wRπb

v, δ(v, πb) is an occurrence of a
random variable of exponential distribution with parameter Λ(πb)

• if f(s, πb) �= ε, f(r, πb) �= ε and wRπb
v, δ(v, πb) < δ(w, πb)

– Rα is a binary relation over W , for each basic program α ∈ πb, satisfying
the following conditions (let s = M(w))
• if f(s, α) �= ε and δ(w,α) = min(δ(w,Π)), wRαv iff f(s, α) ≺ M(v)
• if f(s, α) = ε or δ(w,α) �= min(δ(w,Π)), wRαv iff w = v

– we inductively define a binary relation Rη, for each Petri Net program
η = η1 � η2 � · · · � ηn, as Rη = {(w, v) | ∃ηi, ∃u such that si ≺ M(u) and
wRηiu and δ(w, ηi) = min(δ(w,Π)) and uRηv} where si = f(s, ηi), for all
1 ≤ i ≤ n.

Definition 5. DS3 Model
A model for DS3 is a pair M = 〈F3,V〉, where F3 is an DS3 frame and V

is a valuation function V : Φ → 2W .

Lemma 1. Truth Probability of a Modality
The probability of M3,w � 〈s, πb〉ϕ is (let s = M(w))

Pr(M3,w � 〈s, πb〉ϕ | δ(w,Π)) =
δ(w, πb)
∑

πb∈Π:f(s,πb) �=ε

δ(w, πb)

Definition 6. Semantic notion of DS3

Let M3 be a model for DS3. The notion of satisfaction of a formula ϕ in M3

at a state w, says M3,w � ϕ is inductively defined as follows.

– M3,w � p iff w ∈ V(p);



Reasoning about Multi-Agent Systems Using SPN 83

– M3,w � �;
– M3,w � ¬ϕ iff M3,w � ϕ;
– M3,w � ϕ1 ∧ ϕ2 iff M3,w � ϕ1 and M3,w � ϕ2;
– M3,w � 〈s, η〉ϕ if there exists v ∈ W , wRηv and Pr(M3,v � 〈s, ηb〉ϕ |

δ(v,Π)) > 0 (note that Π ∈ (Π,Λ) is the SPN of the model).

So if we say that M3,w � 〈s, η〉ϕ then it means that the program η beginning with
the markup s has probability of running greater than one (i.e. the probability of a
firing happens is greater than zero) and that when it stops ϕ holds in the current
state. If ϕ is valid in all states of M3 then ϕ is valid in M3, says M3 � ϕ; and
if ϕ is valid in any model then ϕ is valid, says � ϕ.

5 Verifying Properties

We come back to the SPN in Fig. 4. Taking a propositional formula p that
means that all data was processed, the formula 〈{rrrrrm}, rmt2A1 � rmt2A2 �
rt1A3 � rt1A4 �A1t3A3m�A2t3A3m�A1t3A4m�A2t3A4m〉p says that after
some running of the Petri Net of Fig. 4, p holds, that is, all the data are processed.

Verify if this formula holds in a state w of a model M (i.e. verify if it is
possible that some transition fires) is equivalent to compute the probability of
some basic program fire is greater than zero, which is reduced to the equation in
lemma 1. To verify if it is possible that A1 and A2 compute some data in parallel,
we verify that after some of them begin to process something (i.e. rmt2A1 or
rmt2A2 fires), m will not be anymore in the sequence of names, so it is not
possible that the other agent starts to compute something unless a transition
that restates a token to m fires.

If it is desirable to know if, from a state w, it is possible that some agent (e.g.
agent A1) collect some data to process, it is just needed to compute Pr(M,w �
〈s, rmt2A1〉� | δ(w, rmt2A1� rmt2A2� rt1A3� rt1A4�A1t3A3m�A2t3A3m�
A1t3A4m � A4t3A4m)), where s = M(w), and verify if it is greater than zero.
By lemma 1 it is equivalent to verify if

δ(w, rmt2A1)
∑

πb∈Π:f(s,πb) �=ε

δ(w, πb)

is greater than zero, where Π = rmt2A1�rmt2A2�rt1A3�rt1A4�A1t3A3m�
A2t3A3m�A1t3A4m�A4t3A4m.

A more sophisticated example concerns in verifying if the transmission ratings
from agents A1 and A2 to the agents A3 and A4 are overheading agents A3 and
A4. That is verify if the programs A1t1A3, A1t1A4, A2t1A3 and A2t1A4 are firing
more times than rt1A3 and rt1A4. It is equivalent to verify if the probabilities of
firing that first basic programs are greater than these last ones. So it is equivalent
to verify if for a sequence Λ(A1t1A3�A1t1A4�A2t1A3�A2t1A4) from an initial
state v1 such that v1RΠvn = v1Rv2 ◦ · · · ◦ vn−1Rvn, where Π stops in state vn,

∑

δ(vi,A1t1A3�A1t1A4�A2t1A3�A2t1A4)

1 >
∑

δ(vi,rt1A3�rt1A4)

1
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for 1 ≤ i ≤ n where all the involved basic problems are enabled. Determine
a good firing rate for A1t1A3, A1t1A4, A2t1A3 and A2t1A4 is an optimisation
problem for Λ(A1t1A3 �A1t1A4 �A2t1A3 �A2t1A4).

Lets concern the SPNs of Fig. 2 and Fig. 3. Taking a DS3 model A =
〈W,Rπ,M, (Π,Λ), δ,V〉 that denotes this whole situation, (Π,Λ) will be the
SPN denoted by two agents as in the SPN of Fig. 3 corresponding to a gens
A1 and A2 of Fig. 4 and two agents as in the SPN of Fig. 2 corresponding to
agents A3 and A4, and the other aspects of the SPN in Fig. 4. The function Λ
will guarantee that the clock of A1 will be faster than the clock of A2 due to the
rate returned by each transition of each subnet (the part of the whole SPN that
models each agent). In the same way, the failure rate noticed by agents A3 and
A4 will be modelled in Λ.

Now we can verify if it is possible that an agent interrupts its processing due
to energy fault while processing some data (i.e. there are no tokens in the place
Energyi, where i ∈ {1, 2, 3, 4} denotes the agent of which we are referring). We
can also compute the probability that some processing leads to an error and the
data will need to be parsed and processed again using lemma 1. In a state w ∈ W
where s = M(w) it is equivalent to compute Pr(〈s,Verify3Energy3t2Parse3 �
Verify4Energy4t2Parse4〉� | δ(w,Π)).

6 Conclusions

Usage of Petri Nets to model multi-agent systems is present in a large body of
literature. We presented how model an agent in a Stochastic Petri Net and the
usage of the logic DS3 may be applied to verify properties in these systems. The
presented agent model can be extended and adapted to other agent approaches,
encapsulating part of the complexity or detailing each step of computation.

The DS3 logic regards an extension of the Petri-PDL logic [17] (a Dynamic
Logic that deals only with Ordinary Marked Petri Nets, where all transitions en-
abled have the same probability of firing). For scenarios in which the controlling
of time (i.e. firing rate) is not required we do recommend to the reader the usage
of this simpler logic. The choice by Stochastic Petri Nets instead of the ordinary
ones leads to in increased expressive power where the user will be able to model
scenarios more precisely. The complexity of the SAT problem also keeps in the
same class (EXPTime-hard) [16].

As it can be seen in Section 3, the problem of verifying some properties is
reduced to simple computations. The usage of DS3 leads to certify properties
and compute the probability their insurance. Nevertheless the user is able to
model using the graphical notion inherited from Petri Nets.

7 Further Work

Further work includes the extension of the Resolution calculus for Petri-PDL [26]
to DS3 and the implementation of an automatic theorem prover. We are also
working into an automatic model checking process with DS3.
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Abstract. The web services composition is one of the most important ap-
proaches ensuring to exploit several services by a single, called a composite 
service. The work presented in this paper proposes a web services composition 
model in order to reduce the network problems during the composition and re-
duce the total duration of composition. The proposed model is based on the co-
ordination of software agents by exploiting its characteristics, hence it eliminate 
the passivity of web technology and make it more responsive. More than this 
model ensures the execution of various activities to a composite service, by the 
integration of an execution control strategy which offers solutions at real-time 
in case to execution problem from one of the composite service activities. Also, 
the execution control strategy reduces the response time to a web service com-
position request and reduces the overhead of network traffic. 

Keywords:  web service composition, multi-agent system, mobile agent. 

1 Introduction 

The evolution of Internet and the competitiveness between companies contributes to 
the appearance of several new web approaches. The web service composition is one 
of the new approaches which enrich the company activities by other external services, 
in order to meet to the needs of their clients, to reduce time and costs, and to increase 
overall efficiency in businesses.  

The workflow approach appears as the first work that provides the composition and 
that is based on two modeling. Firstly, the orchestration modeling which is a set of 
actions to be performed by the intermediate web services [1]. The orchestration is  
to program a motor from a predefined process by the intermediate web services [5]. 
This modeling is based on a centralized vision. The second modeling is the choreog-
raphy, which implements a set of services without any intermediate in order to ac-
complish a goal [1]. This modeling allows the design of decentralized coordination 
applications.  

There are some works which improve the workflow approach, among these works; 
we cite the approach of [4] which uses the semantic approach to make the code under-
standable to the machines, and then permitting the automation of web services selec-
tion. However, according to [8] the web service composition approach is still has 
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many problems coming from web technology itself, such as: the absence of infor-
mation on the web service environment and the passivity of this technology. Moreo-
ver, the web service composition can encounter execution problems of one of its  
services after the selection, whereas this problem influences on the response time and 
network traffic overload. 

In the first place, the problem proposed by [8] can be treated with the apparition of 
software agent technology which provides many solutions due to their very innovative 
characteristics, such as: autonomy, intelligence, reactivity, collaboration, cooperation, 
mobility, communication, etc. Also, software agent technology can achieve their 
goals with a flexible manner by using a local interaction and/or remote with other 
agents on the network. In the second place, the execution problem of a composite 
service requires following the execution of various activities after the selection of web 
services. 

In this context, we are interested to define and implement a model ensuring the 
composition of web services based upon on multi-agent coordination. We propose 
essentially to treat the two problem of response time and the network traffic overload. 
Furthermore, this model ensures the integration of an execution control strategy 
which offers solutions to real-time. 

This paper is structured as follows. Section 2 presents the related work. In section 
3, we describe our model for web services composition. Section 4 presents the rules 
of interaction between software agents. In section 5, we show the evaluation part of 
our model. Finally section 6 summarizes the paper. 

2 Related Work 

Recently the web services composition based on software agent technology has been 
experiencing much attention. These approaches are classified in two classes. The first 
class is based on multi-agent system. In [3] authors have proposed a multi-agent sys-
tem for web services composition based on competition between coalitions of ser-
vices. In this works, each service is represented by a software agent who contacts 
other agents and offers their services according to their reasoning ability. Then, the 
different coalitions will make the most competitive offer, where each solution re-
ceives a note, and the solution with the highest score will be selected. Also work in 
[7] has proposed a multi-agent system for web services composition. By contrast, it 
ensures the formation of only coalition by adopting the negotiation mechanism. 

The second class of approach is based on mobile agent. In this context, authors in 
[9] ensure the composition of web services with the bottom-up approach, where the 
selection step occurred before the creation of activities plan. Unlike authors in [3], the 
selection of the web services occurred after the preparation of activities plan.  

Authors in [9] seek to reduce the intermediary activities of a composite service, in 
order to reduce response time of composite service. In [6] authors have integrated a 
strategy to control the execution of the activities plan, but they did not offer an imme-
diate solution when a problem of execution of any service was occurred. All these 
approaches previously described are useful and interesting contributions that have 



 Multi-agent Coordination for a Composite Web Service 89 

 

provided solutions at the composition of web services, by taking advantage of features 
offered by the software agent technology. However, some problems are not treated 
well by these works, such as, the response time of web service composition. In addi-
tion, some approaches do not proposed to control the execution of different compo-
nents of a composite service, which can causes some network problems, such as,  
network overload, security. Also, these approaches have not proposed an immediate 
solution to an execution problem. In this sense and in order to improve the web ser-
vice composition, we propose a new model of web service composition based on 
multi-agent system and mobile agent technologies. 

3 Proposed Web Service Composition Model 

The proposed web service composition model is based on the coordination between 
three agents: User Agent (UA), Service Agent (SA) and Compositor Agent (CA). In 
the Figure 1, we present the architecture of our model. 

 

Fig. 1. The proposed architecture of our web services composition model 

The proposed model is based on two functionalities. In the following sub-sections, 
we will detail the two functionalities. 
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3.1 Creation of the Activities Plan and the Suppliers List 

This functionality is based on the UA and the SA.  

3.1.1 User Agent 
The role of UA is like the motor component of the orchestration model in the work of 
[5]. UA is a stationary agent, which communicates with SAs and CAs and receives 
the client’s composition requests. The behavior of the UA in this functionality con-
sists of three tasks which are:  

Formation of activities plan: In the first task, the UA starts to verify the composi-
tion request sent by the client and extracts the web services and the data from the 
composition request in order to create the activities plan for a composite service. 

Classification of the data: The second task is to check the activities plan and to 
classify the data sent by the client according to their correspondence to the services in 
the activities plan. These data are the input parameters for each web service requested. 

Validation of the suppliers list: The third task starts after the creation of the suppli-
ers list by the SA, where the UA checks the existence of at least only one supplier in 
the list for each activity in the plan, in order to ensure the total composition of a com-
posite service. 

3.1.2 Service Agent 
After the creation of activities plan, the SA (stationary agent) creates the suppliers list 
by selecting the best suppliers matching to each activity in the plan of the composite 
service. The SA plays the role of a representative agent of a set of suppliers having 
the same web service. Each SA classifies its suppliers relative to the qualities of ser-
vice (QoS) requested by the client. Therefore, the UA is not forced to communicate 
with all suppliers having the same service, just it communicates with their SA. The 
creation of the suppliers list is done in parallel by all SAs corresponding of activities 
plan. This can contribute to reduce the selection time. Moreover, the goal to using the 
SA is to facilitate the negotiation operation, reduce the number of communication acts 
between the UA and the agents of each supplier, and reduce the response time of the 
selection step. This can contribute to reduction of the response time for a composite 
service. The behavior of the SA consists of three tasks which are: 

Validation: Each SA has a message standard structure which will be received from 
the UA. Then, the SA verifies the message standard structure and its content to the 
parameters compatibility of input/output of its service. 

Extraction: After validating the received data, the SA creates a query taking into 
account the qualities of service required by the client. After that, it sends this request 
to the database which contains all information about the suppliers having its service. 
The SA agent is the only agent which has the right to access in the database of the 
composition system to select the best suppliers. 

Classification: Finally, the SA classifies the suppliers taking into account their 
qualities of service (QoS), where it specifies the primary supplier and the reserve 
suppliers which can replace the primary supplier when it has an execution problem. 
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In our model the proposed of database is inspired from the work of [2]. In fact, the 
database of the composition system plays the role of the UDDI web service directory, 
where it contains the data about the qualities of service for each supplier. In this man-
ner, the selection of web services corresponding to the activities plan is done in record 
time, because the selection of web services is performed locally. This is help to avoid 
to discover web services on the UDDI web service directory and to select the best 
suppliers by using a remote method. In other words, with discovered and selection of 
web services locally, we can avoid several problems such as: the security of each 
remote request, the overload of traffic on the network and the variation of the re-
sponse time of each query which depend on the state server to visit and the state of 
network traffic. 

3.2 Execution Control Strategy  

The second functionality ensures the execution control strategy of different activities of 
the composite service which was created in the first functionality. The execution of this 
functionality is based on the UA and the CA.  

3.2.1 User Agent 
In the second functionality, the UA reaches two tasks which are: 

Assignment of the suppliers list: The UA assigns each suppliers list to a CA. 
Confirmation: The last task that the UA will do it is to check the result sent by the 

CAs.  If this result contents an execution confirmation of one of its suppliers list, 
then the UA can send the result of the composition to the client. 

3.2.2 Compositor Agent 
The CA is a mobile agent; which responsible to ensure the execution of one service in 
the suppliers list. In fact, the CA migrates to the supplier agent platform and ensures 
the service execution according to the requirements of its client. The CA reaches two 
tasks which are: 

Migration: After the reception of a suppliers list, the CA migrates to the first sup-
plier agent platform in its list in order to ensure the execution of its service. If the CA 
encounters an execution problem (the web service server or the supplier agent plat-
form is down), then the CA migrates to the next supplier in its list. The CA repeats the 
same steps until it has an execution confirmation by one supplier of its suppliers list. 

Communication with Supplier agent: At its arrival, the CA communicates with the 
supplier agent in order to execute its service according to the client requirements. 

Therefore, with the defined execution control strategy, we propose an immediate 
solution when an execution problem is encountered. This is due to the use of mobile 
agent (Compositor Agent). Thus, our model contributes to reduce the response time of 
the composite service and to reduce the traffic on the network.  
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4 Rules of Interaction between Software Agents 

4.1 Rules for User Agent 

During interaction with the SA, the UA sends a message containing an object com-
posed of two elements. The first presents ID of SA, where each SA has an ID. Thus 
with this element, SA checks if this message concerns it or not. The second element 
presents the customers' requirements. In fact, each message concerns only one service 
of composite service.   

 Required_Service(ID_Agent_Service,Data[i]) (1) 

Where i = [1 to n], n is the total number of data. 
During the interaction with CA, the UA sends a message containing an object 

composed of two elements. The first element presents the data which the supplier 
needed to respond to client's requirement. The second element presents the suppliers 
list containing the main supplier with the reserve suppliers. In fact, the first element 
will be used by supplier agent. The second element will be used by the CA to solve 
the execution problem with the main supplier. 

 List_Assignment (data[i], supplier[j])  (2) 

Where i = [1 to n] and j = [1to k], k presents the total number of suppliers which can 
respond to the customer’s requirement. 

4.2 Rule for Service Agent 

During interaction with the UA, the SA sends a message containing a suppliers list 
organized according to their quality of service. 

 Suppliers_List(Supplier[i]) (3) 

Where i = [1 to n], n presents the total number of suppliers which can respond to the 
costumer’s requirement. 

4.3 Rules for the Compositor Agent 

During interaction with the UA, the CA sends a message containing an object com-
posed by two elements. The first element presents the response to execution of main 
service, where this answer is in the Boolean form (accepted or not accepted). The 
second element presents the results after execution of the service required.  

 Response_to_execution (Execution, Result[i]) (4) 

Where Execution = accepted / not accepted and i = [1 to n], n is the total number of 
result. If Execution = not accepted then the Result = Ф. 
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5 Evaluation 

In our model, we have proposed a solution to reduce the composition time and we 
have proposed an execution control strategy of the composite service. As a conse-
quence, these new proposals allow to improving the response time to the composite 
service, to reducing the overhead of network traffic and to reducing the execution 
time of the composite service. In order to evaluate our model, we have developed a 
web application for a travel agency that ensures the composition of different services, 
which are: the hotel booking, the car rental and the purchase of a flight ticket. Firstly, 
the customer fills out a form which contains his requirements for each service. Sec-
ondly, this application performed a research to the best suppliers for each service 
required, executes each service according to the requirements of its client and sends 
the final response. In our travel agency web application, with a click, the customer 
can benefit to three services at a same time. This allows reducing the time of research 
of the best supplier and executing each web service in the best time. For the imple-
mentation of the software agents (UA, SA, CA) we have used the JADE platform. 

Figure 2.a shows the durations of different stages of the construction and the exe-
cution of a composite service based on our model. The diagram “B” presents the total 
duration of composition (the creation of the activities plan for a composite service and 
the creation of the suppliers list for each activity), which was done locally in 1916.66 
milliseconds. The diagram “C” presents the duration of best suppliers’ selection, 
which was done in 1841.66 milliseconds.  

 

 
Fig. 2. a. Durations of different stages to 
construct and execute a composite service 
without execution problems 

 
Fig. 3. b. Execution time of a composite 
service with variation of execution prob-
lems number 

The diagram “A” presents the execution time of a composite service based on dif-
ferent services which was done in 7067,66. In fact, several factors influence on this 
step, such as the rate of traffic on the network, the server status of each service  
requested. We have tested our execution control strategy on a local server.  
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In Figure 2.a, we present an evaluation case without taking into account the execu-
tion problems. For this reason, in the second evaluation, we varied in each time the 
number of the execution problems for each activity. In contrast, in Figure 2.b, we 
present the execution times of a composite service with variation to the number of the 
execution problem that the CA can to encounter when it migrates over the Network. 
We notice that the variation of execution problems number influence the total execu-
tion time of a composite service. The resolution of these problems is realized by our 
execution control strategy with the proposal of a solution at real-time, where every 
time the CA encounters an execution problem with first supplier; it changes its desti-
nation by taking the reserve supplier without returning to its starting platform. So,  
the loss average with each execution problem is 4112,18 milliseconds which is an 
acceptable period, compared to repeating the step of selecting and executing a new 
supplier. 

In the literature, the web service composition based in two fashions, which are: a 
composition in a top-down fashion and a composition in a bottom-up fashion. In our 
work we adopted a top-down fashion and this is the same thing with the web service 
composition model of [3]. Thus, with this fashion, we need to start with the creation 
of an activities plan for each composition request. In this case, [3] adopted the coali-
tion model to ensure the coordination between agents to create the activities plan. 
However, in our work we adopted the hierarchical model, where, only the UA is re-
sponsible to create the activities plan. In Figure 3 we present a comparison of the 
composition duration between our model and the model proposed in [3]. In fact, ac-
cording to the evaluation of the work in [3], the best duration to form a coalition is 
3000 milliseconds, where the coalition reflects to an activities plan of a composite 
service. In contrast, the better duration to composition with our model is 359 millisec-
onds, where this duration includes the time to form an activities plan and the time to 
create a suppliers list for each service. We notice that our model presents a very sig-
nificant improvement relative to the model proposed in [3], where our composition 
duration is about the tenth compared to the duration of [3]. 

 

Fig. 4. Comparison of the composition duration between our model and the model of [3] 
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6 Conclusion 

The aim of this paper is to address essentially solutions of three problems: the re-
sponse time, the overload on the network and the execution problem of different ac-
tivities of a composite service. We solved these problems by the creation of a web 
service composition model based on a coordination of software agents. The proposed 
model is composed by two main functionalities. The first functionality ensures the 
creation of activities plan for the composite service and the selection to the best sup-
pliers which can respond to different activities. These two stages are realized locally, 
on the same server of the composite service. The second functionality ensures the 
execute control which offers the solutions at real-time in case where a composite ser-
vice activity has an execution problem. 
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Abstract. In an Ambient Intelligence system for humans, devices in the envi-
ronment perform actions to improve the quality of the daily living of a person.
Research in normative systems could be applied to regulate the operation of this
kind of systems. Nevertheless, determining the right norms is not trivial. This
contribution discusses the case of a Parkinson’s Disease patient. In particular, the
paper studies a TV watching scenario where the right moment to assist the pa-
tient is the subject of discussion. Results are obtained from the SociAAL project,
whose aim is the integration of social sciences concerns into the development of
this kind of systems and the reduction of their production cost.

Keywords: Ambient Intelligence, Ambient Assisted Living, Autonomy, Parkin-
son Disease, Modeling, Simulation, Normative system, Norm.

1 Introduction

Ambient Intelligence (AmI) deals with the interplay of actors, either human or devices,
while pertaining to, or moving from, a set of known contexts. This paper focuses on
applying norm research to regulate that interplay by means of a normative system.
A normative system intend to preserve some desirable system dynamics by reward-
ing/punishing behaviors. Also, they specify how and to which extent actors can modify
the norms [2].

There is preliminary work in norms applied for Multi-Agent System (MAS) in AmI
[3], but its scope is conceptual, yet. To facilitate advances in this direction, simulators
for AmI can be a key element. Simulators like UbikSim [12] or PHAT [4] permit to
create more complete scenarios that involve the human actors, how they use the AmI
elements, and how these elements may return feedback the humans.

As an example, the paper discusses autonomy concerns of a Parkinson’s Disease
(PD) patient in a TV watching scenario. This case is analyzed to determine how the
AmI system is aiding and how a normative approach could drive the AmI behavior.
The complete case is not included in this paper. The paper addresses mainly how such
normative system could be deployed and how it would relate to the autonomy preserva-
tion criteria. A non-experienced developer may think the more the system does for its
user, the better. In this paper, we define the autonomy preservation of the human as the
capability of the human to do things without assistance (artificial aid included). This
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autonomy may conflict with the safety of the PD patient. A solution to the dilemma
would be increasing the assistance to the patient as the risk of imminent injuries raises.

The Social Ambient Assisted Living (SociAAL) project [9] proposes including so-
cial sciences concerns in the definition of AmI systems for people with Parkinson’s
Disease (PD) and the development cost reduction of such systems. SociAAL project
has produced the PHAT [4] simulator that, in our opinion, offers new opportunities for
defining and performing experiments in AmI. It permits to re-create scenarios involving
humans into computer simulations using a hardware/software-in-the-loop approach. A
developer can provide a description of a house/room, which devices exist inside, sim-
ulate those devices or connect real devices to the simulated environment (hardware in
the loop), or develop software for the control of those devices within the simulation in
a reusable way (software in the loop).

The contribution is organized as follows. Section 2 contains some thoughts about the
PD and how it affects the autonomy of the patients. There is also a discussion of the
scope of a simulation that captures the TV watching scenario. Section 3 is dedicated to
explain the deployment of the normative system and what it would do. Section 4 dis-
cusses the connection between this contribution and other related ones. Finally, Section
5 contains the conclusions.

2 Autonomy of Parkinson’s Disease Patients in a TV Watching
Scenario

A person is the more autonomous the less assistance from other humans is needed,
but this is not an absolute. Common daily activities are not always affordable for PD
patients. However, they have to insist and not just let anyone/anything do everything
everytime for them. So, even if they are slow or less effective, it is more positive for
them to keep trying if they really can success ... unless there are safety concerns. From
this perspective, it is necessary to devise ways in which an assisting AmI system can
check and validate/facilitate activities.

Such ways are recommendations that devices in the AmI may or not follow. However,
a normative system could realize this kind of knowledge, formalizing which kind of
collaboration is desirable or unacceptable, informing incoming devices of the existence
of such norms, and enabling, perhaps, the devices to modify existing norms [2].

To illustrate the utility of normative evaluation of the system dynamics, a scenario
involving humans and devices is built using PHAT and its modeling language, called
SociAAL. What the scenario evaluates is the control software inside of these devices,
which are expected to be software agents.

In the scenario, the PD patient goes to the living room and wants to watch TV. To
correctly assess the performance of the system and how it affects the autonomy of the
PD patient, the original scenario needs to be broken down and parametrized. The actions
are modeled in figure 1 and rendered into behaviors in a 3D environment with PHAT.
The action sequence is Go to the living room, which makes the patient move from
its current location to the living room; switch on the TV, which consists on using the
remote control to turn on the TV (depending on degree of tremors,the patient may
press several buttons, only one, or none); switching channels and watch them, where
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the patient presses a concrete channel button (the action may be affected by tremors
and more than one button, only one,or none be pressed); and switch off the TV with
the remote. Each action is further broken down to add details. Interested readers may
consult the PHAT tutorial in http://grasia.fdi.ucm.es/sociaal.

Fig. 1. Action sequence described with SociAAL modeling language

The PD disease effects on daily living activities are expressed with the modeling lan-
guage too. The stage E1 of the PD is associated to tremors of three different degrees:
low, medium, and high. The effect of these tremors over some activities is detailed in
figure 2. The go to living room activity is performed slower, and the switch on TV is re-
placed by a command to ask for help. Button pressing is equally affected by modifying
the touch accuracy.

Fig. 2. Medium tremors effect on basic activities from figure 1

Ideally, the PD patient should be able to go through these activities without assis-
tance. Depending on the degree of tremors, some actions may be harder or just im-
possible. Among others, the following situations are considered: power-on button of
the TV may not be successfully pressed either on the TV or on the remote control;
channel switching may not work because several buttons are pressed at the same time;
dropping the remote control because of a defective grabbing; the patient may fall while
sitting down or while walking; or, while walking too, the patient may face a frozen feet
situation where the patient seems unable to keep the movement.

From these events, the paper focuses on the button (power on and channel ones)
pressing problem when the patient has tremors. This activity is monitored by the devices
inhabiting the target AmI system, as shown in figure 4:

– An intelligent remote control. The remote control can control a capacitive area that
represents the buttons. It can provide measures of which buttons are been pressed,

http://grasia.fdi.ucm.es/sociaal
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even if there are many at the same time. It also can modify the size of the buttons in
the screen to make them bigger if the patient has tremors. It can detect too when the
device is on the ground and take measures to let someone else to retake it. Layout
rearrangement is possible too.

– A smart TV. The TV has capacitive controls too. These controls permit to turn the
TV on/off, change channels, and modify the volume. It also have a camera that
permits to observe the user and interact through gestures.

– A wearable device. It is attached to the patient’s wrist. This wearable can interact
with the different devices to customize the experience of the user.

A 3D scenario is created with dummy users performing actions as those of figure 1.
Devices are emulated with Virtual Machines running Android OS. MAS software, or
equivalent, is expected to be hosted within those Virtual Machines. Their actions are
the ones to be under normative control.

The interaction between the patient and devices, and among devices, is possible.
Between the patient and the device, there are several possibilities. Android foresees
a number of actions: touch the capacitive display, press buttons, speak to it, listen to
sounds, perceive proximity, produce vibration, perceive movements of the device, and
so on. Inter-device cooperation is an interoperability issue that is not addressed. It is
assumed devices can already cooperate in order to deal with the patient’s activities. The
complete video of the simulation can be consulted at the demo section of the project
SociAAL http://grasia.fdi.ucm.es/sociaal.

3 Adding Control Software and Normative System

The simulation of the scenario is deployed in a computer host as illustrated by the figure
3. The devices are Android OS Virtual Machines which may host the control software
for the device they represent. As previous section detailed, there are three devices to
consider and each device may host different control software for different situations.
The devices sends actions and perceive the environment which is simulated with a 3D
representation. Inside the 3D simulation, actions are observed and evaluated by the
normative system.

SMART TV

REMOTE

WEARABLE

CONTROL1

CONTROL2

CONTROL3

CONTROL1

CONTROL2

CONTROL1

CONTROL2

CONTROL3

CONTROL4

NORMATIVE SYSTEM3D Environment

Host

Fig. 3. The normative system and the other AAL devices

The resulting scenario is shown in the figure 4. The simulation depicts the remote
control (middle bottom), a smart TV abstraction (bottom left), the 3D environment

http://grasia.fdi.ucm.es/sociaal
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(right side), a wearable device (middle top), and the JADE platform keeping references
to existing agents within the devices (left top corner). The user is expected to use the
remote to change channels and the actions are processed by the agents within. The
agents in the remote communicate with agents in the smart TV to switch channels or
interchange other information. For the sake of clarity, instead of showing images, text is
used to distinguish clearly the current channel. Actions over the remote are performed
using the tactile display and taking into account the patient tremor status.

Fig. 4. Simulation scenario with android devices running JADE agents

As actors in the simulation are dummy users, their status can quantified and its reac-
tions assessed. It is possible to define what a desirable autonomy means for this dummy
and qualify attempts to interfere as negative. This is formalized as the autonomy preser-
vation criteria and realized by means of the normative system:

– Undesirable interruption. If the action is going to be successful and it is interrupted,
the interrupting device is punished. Interruption is understood as some device gen-
erating unexpected stimulus.

– Tolerated failure. If the action is not going to be successful and the devices do not
assist the patient, they are punished.

The normative system has to enforce this autonomy preservation criteria by means of
the two aforementioned norms. The violation of the first norm undesirable interruption
punishes those devices that assist the user too much. The violation of the tolerated
failure norm punishes those not assisting when they should.

The normative system development is possible because there is perfect knowledge
of the environment (what is happening and what is going to happen), and every element
in the simulation can be fully inspected. For the simulation, it means there is a perfect
oracle giving perfect predictions.

Control software is deployed in the virtual devices just as any other Android applica-
tion. An Android application can be developed in many ways. We assume the developer
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uses mainly activities and that invoke other activities through intents. Another alterna-
tive consists in defining APIs for control software to access the critical elements of the
mobile. The important part is the capability to identify actions issued for the device
itself or towards others.

Algorithm 1 resumes the way this normative system would work. Actions are ob-
tained from each Virtual Machine representing a device and put together into a queue.
Norm violation occurs if either there is an action when there shouldn’t or if there is no
action when there should. Punishment may not be immediate, if the system designer de-
cides so. There may be initial notifications about the norm violations followed by final
warnings about consequences. The normative system may even stop ongoing activities
in a device, since Android emulators permits external intervention. Which one is better
depends on the current AmI under test and the particular condition of the PD patient.

A concrete control software is not evaluated in this paper, but it is expected for fu-
ture works. It is expected the behavior of the resulting AmI to be aware of the norms
violations and react accordingly.

Algorithm 1. Preliminary description of the norm violation algorithm
Input: The two considered norms {undesirableInterruption, toleratedFailure} that

represent the autonomy criteria, situation represents the current status of the
dummy, punish is the punishment function

1 while thereAreActions do
2 update(CurrentActions)
3 for action ∈ CurrentActions do
4 if violates(action, undesirableInterruption, situation) then
5 punish(responsible(action))

6

7 else
8 if violates(action, toleratedFailure, situation) then
9 punish(responsible(action))

4 Related Work

Ambient Assisted Living work is usually done in experimental labs and, in most cases,
using the Living Lab method. Fernandez-Pastor et al. [8] talk about a Virtual Lab in
the sense of something that allows a developer to pretend be the patient. That concept
is similar to the participative simulation one. The work introduced in this paper takes
a different perspective. The developer does not participate, but observe the system dy-
namics expecting the dummies to trick the devices.

The concept of patient in this work is closer to the idea of Virtual Actor, but not as
demanding. There is no intention of achieving human-to-computer interaction through
different media, as in [1], or reproducing with realism the human movement, as in [5],
or capturing the whole spectrum of human beings’ capabilities [11]. The goal is to bring
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key aspects from the real world to a simulated environment using a limited amount of
resources, enough realistic to convince devices that the world they are connected to is
the real one. Patients in this simulation are dummies, but there is technology to make
them more capable. Listening could be achieved through standard speech understanding
software, as proposed in [10], where a number of technologies are reviewed to make
characters more capable.

Cortes et al. [6] propose the idea of shared-autonomy where the assisting device
adjust the support they provide. This capability is required here as well. The difference
is the definition of autonomy itself. The PD patient autonomy has to be preserved and,
in order to achieve this, violating behaviours are punished.

OVACARE [7] is a health care system for Alzheimer patients. It uses GORMAS as
design methodology to represent different virtual organizations to capture the way the
system is structured. In the system, norms are defined to ensure the behaviors within
the organizations is the expected. Compared to this contribution, norms shown in [7] do
not account for the clinical assessment of the patient as in the autonomy example. Also,
this paper is not using any particular methodology.

Caire [3] defends the role of norms to regulate behaviors in the cities. The paper
studies the idea of conviviality, which is a group where individuals are welcome and
feel at ease. In this work, the conviviality concept matches our purpose. Devices and
patients ought to be at ease with each other. The contract among them is represented by
several norms that to be implemented in the normative system.

5 Conclusion

The dynamics of a Ambient Assisted Living system can be regulated using research
borrowed from MAS. In particular, we aim to regulate the interaction between devices
and one patient in an Ambient Intelligence scenario through regulative norms. The norm
do refer to the recommendation that PD patients ought to keep their routines as long as
they can perform them safely and by themselves. We translate this idea as the preserving
autonomy criteria norms.

The work has been made within the SociAAL project, where the ultimate goal is
reducing the development costs of AAL systems for people with PD and integrating so-
cial concerns into their development. The concept of autonomy preservation is a good
example of social concern. By supporting the independence of the patient, their care-
givers, usually relatives, are supported too.

The example assumes it is possible to have an oracle, something that foresees when
the scenarios will be successful. This cannot be ensured in a real situation, though. Even
if the oracle function is only valid during simulation, it still provides good starting points
for creating and testing other possible normative solutions.

Future work will inspect this concept of autonomy when other humans get in the
loop. Also with longer and more complex activities of the daily living. Current results
permit to run hours of activities. However, the interaction between devices and the ac-
tivities needs further work.
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Abstract. This work compares the combined use of several infrared sensors such
as the Microsoft Kinect. The system is modeled as a multi-agent system where
each Kinect sensor is considered a physical/intelligent agent provided with pat-
tern recognition capacity. The proposal offers a set of experiments that study
when under concrete and different scenarios the combination of agent sensors
achieves more accurate results than a single agent. So, the experiments analyze
the accuracy and data resolution obtained from Microsoft Kinect sensors. Con-
cretely, six experiments are conducted and the results are analyzed with different
configurations of a variable number of Microsoft Kinect sensors. The results indi-
cate that a single Kinect agent provides a higher accuracy in comparison to more
Kinects. However, additional agents can be considered to increase the flexibility
of the capture system.

Keywords: Kinect sensors, multi-agent system, capture precision.

1 Introduction

Currently, multi-agent systems (MAS) have been identified as one of the best suited
technologies to contribute to the deployment of visual sensors, as they exhibit flexibility,
robustness and autonomy (e.g. [1], [2]). Indeed, the MAS paradigm has been applied
to computer vision in a number of different works (e.g. [3], [4]), including RGB-D
cameras.

Microsoft (MS) Kinect is a camera-based sensor primarily used to directly control
computer games through body movement. Kinect tracks the position of the limbs and
body without the need of handhold controllers or force platforms. The use of a depth
sensor allows Kinect to capture three-dimensional movement patterns. But, there are
measurement errors in a depth image, called ’holes’, which are due to different factors.
Some of them are occlusions caused by objects or people, surfaces that absorb the
infrared beam, disparity between transmitter and infrared (IR) receiver, saturation of
outside IR light, and objects or people moving very fast in the recognition area. The
problem of studying which is the optimal number of depth cameras to be installed in a
setup is very important.

The data collected from a single Kinect does usually not present serious problems.
Some recent studies (e.g. [5]) show that the error of the MS Kinect and Asus Xtion
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sensor with distances of 2 meters is less than 2.5 centimeters. Another work shows
that the error gotten with Kinect is too large for distances greater than 4 meters, but
for shorter distances the error is acceptable [6]. An example of accuracy calculation is
offered in a recently proposed rehabilitation system for the elderly [7]. In addition, a
study of the rehabilitation of two people using a Kinect is shown [8]. Systems already
implemented as TeKi, Toyra, KineLabs, Reflexion and VirtualRehab also support the
idea.

The use of multiple sensors in one area of recognition is one of the points of most
interest to researchers today. Indeed, solving the problem of the holes in depth images
produced by occlusions will help to increase the maximum capacity of sensor recog-
nition and to expand the range of action. For example, MS Kinect cameras are used
to detect multiple users from different positions [9], thereby avoiding occlusions pro-
duced by the environment and occlusions produced by the body. There is also a study
of increasing the accuracy of MS Kinect with the help of an RGB camera [10].

Increasing the number of sensors that point to a specific area could solve the problem
of occlusions. But, the problem of saturation of infrared light is increased when using
more than one sensor. A recent work [11] studies the noise produced by capturing the
scene with two Kinect sensors simultaneously and provides some techniques to reduce
it. Another work [12] shows the interference from up to three Kinect sensors that capture
the same scene. Recently, a work [13] introduced an experiment with two Kinect sensors
and five PlayStation Eye sensors. It is concluded that the accuracy is always less than 10
centimeters in both cases. In [14] also the issue of interference arising from two Kinect
sensors when focusing on the same scene is addressed.

This article aims to complete the previously mentioned works by studying the prob-
lems encountered from IR saturation. A MAS model is used where each MS Kinect
is considered a physical/intelligent agent. We study the problems that arise when using
more than one Kinect sensor in the same area of recognition. This study focuses on how
the distance to the subject and the number of sensors affect the localization of a user in
the scene.

2 Description of the Experiments

The study described in this work consists of six experiments with three different Kinect
configurations, where the number, location and the scope of the Kinect agents are mod-
ified. The configurations (Conf1, Conf2 and Conf3) are associated to three different
areas: 2× 2, 3× 3 and 4× 4 square meters. A mannequin was located inside the scope
area in each configuration and one hundred samples were collected at each measuring
position, thereby achieving a total of 400 samples in the first configuration, 900 samples
in the second configuration and 1600 samples in the third configuration, for each of the
tests performed. Two metrics were especially considered: the accuracy of mannequin’s
position and the number of erroneous pixels in a frame. The number of erroneous pixels
refers to positions of the depth image captured by the sensor, which cannot be obtained
distance from this sensor. The use of a mannequin instead of a human is justified to
avoid the movement that a real user involuntarily performs. A graphical representation
of the experiments and configurations is shown in Fig. 1.
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Fig. 1. Experiments and configurations. a) Experiment with one sensor. b) Experiment with two
sensors pointing to the same direction. c) Experiment with two perpendicular sensors. d) Ex-
periment with two confronted sensors. e) Experiment with three sensors pointing to the same
direction. f) Experiment with three sensors separated 90 degrees among them.

Once the samples are collected, the results are processed in order to present them
properly. The accuracy of the mannequin’s position (in centimeters) is associated to the
standard deviation of the data obtained by each one of the sensor agents. To achieve this,
the position of the mannequin is calculated by arithmetic average of the data collected
by each sensors, and from all points collected position standard deviation of these points
is calculated. On the other side, the obtained erroneous pixels in a frame by the Kinect
were documented by using their average.

2.1 Experiment #1: A Single Kinect in Front of the User

The first experiment is developed with only a single Kinect agent which collects data
from a mannequin. The Kinect is located in front of the mannequin. The experiment is
shown in Fig. 1a. These first values are used to establish reference values for posterior
experiments. The results of the first experiment are shown in Table 1. The results of the
first experiment perfectly show how the Kinect operates. When the distance is short,
the standard deviation values are lower than 1 centimeter, being typically lower than 1
millimeter when the distance is equal to or lower than 2 meters. In distances of 4 meters
(Conf3), these values are higher than 1 centimeter, reaching nearly 5 centimeters. In
parallel, the erroneous pixels are higher than 50,000 pixels and rarely reach up to 55,000
pixels, so that these values can be considered a reference number for this metric.

2.2 Experiment #2: Two Kinect Sensors in Front of the User

This experiment is developed with two Kinect agents. The sensors are situated in front
of the mannequin and between the agents there is a distance of 20 centimeters. This
location of sensors is shown in Fig. 1b. The aim of this experiment is to analyze in-
terferences or noise between two sensors with the same orientation. The results of this
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Table 1. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #1

Conf.1 Conf.2 Conf.3

0,10 0,02 - 0,03 - - 0,02 0,05 -
0,03 0,06 0,02 0,03 0,13 - 0,03 0,03 -

0,12 0,08 0,18 0,22 0,13 0,12 0,36
1,14 4,71 1,31 3,22

Conf.1 Conf.2 Conf.3

58 43 - 53 - - 63 46 -
51 53 51 49 49 - 54 55 -

49 48 50 53 53 53 53
52 53 53 53

second experiment are shown in Table 2. The results of the accuracy of the mannequin’s
position are worse than in the previous experiment #1. The worsening is especially
relevant in the third configuration when the distance achieves 4 meters, where values
between 3.44 centimeters and 5.51 centimeters are obtained. The behavior of the erro-
neous pixels in this experiment is lower than in the first experiment; the second rate of
the erroneous pixels is better. We can conclude that erroneous pixels are directly pro-
portional to the mannequin’s position. A high erroneous frame rate means that there are
recognition problems; however, a low number of erroneous pixels is not an indicator of
better positioning.

Table 2. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #2

Conf.1 Conf.2 Conf.3

0,07 0,03 0,03 0,06 - - 0,09 0,03 -
0,07 0,07 0,10 0,05 0,22 0,05 0,06 0,07 -

0,15 0,21 0,22 0,21 0,14 0,22 0,25
3,44 3,79 5,51 4,69

Conf.1 Conf.2 Conf.3

52 46 47 46 - - 64 42 -
49 46 49 49 52 41 51 47 -

46 47 46 49 49 49 55
48 49 49 48

2.3 Experiment #3: Two Kinect Sensors Located Perpendicularly

Two Kinects which are located perpendicularly are used in the third experiment. A
Kinect is located in front of the mannequin and the other at an angle of 90 degrees
(see Fig. 1c). The experiment is designed to determine how two Kinect sensors located
perpendicularly work in comparison to the previous experiments. The results of this
experiment are presented in Table 3. This experiment shows a deterioration in accuracy.
The results on the right (last column) are greater than in experiment #1, because the
mannequin is located 4 meters from the second Kinect. However, the erroneous frame
rates are better than in previous experiments thanks to the presence of a second Kinect.
We can emphasize that the erroneous frame rate and the accuracy of the mannequin’s
position are not directly proportional.

2.4 Experiment #4: Two Opposed Kinect Sensors

In the fourth experiment two Kinects are located one in front of the other. The location
of the Kinects in this new experiment is shown in Fig. 1d. The purpose of this new
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Table 3. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #3

Conf.1 Conf.2 Conf.3

0,04 0,14 - 0,06 0,23 - 0,02 0,26 4,72
0,31 0,04 0,02 0,08 0,12 0,55 0,05 0,32 2,04

0,14 0,31 0,23 0,14 0,26 0,10 0,52
1,02 6,25 2,01 2,05

Conf.1 Conf.2 Conf.3

42 31 - 42 44 - 64 37 27
39 35 49 41 40 38 43 43 28

49 39 39 45 43 42 41
52 53 41 40

distribution of the Kinects is to analyze how an infrared beam interferes on the lens
of another sensor agent. This disposition of Kinects makes their lasers hit each other.
The results of this experiment are presented in Table 4. They show a more uniform
distribution of values than in experiment #1 values for both mannequin’s position and
erroneous pixels. The average of the mannequin’ position accuracy is worse than the
results in experiment #1. However, the results of the erroneous pixels rate are lower
than for experiment #1 in Conf1 and Conf2, but it is higher than for experiment #1 in
Conf3. This distribution of Kinects presents interferences of the infrared beams and this
issue affects the second metric.

Table 4. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #4

Conf.1 Conf.2 Conf.3

0,10 0,04 0,27 0,10 0,66 0,75 0,36 0,24 1,74
0,13 0,08 0,08 0,02 0,45 0,32 0,10 0,06 1,72

0,11 0,10 0,17 0,23 0,15 0,11 0,25
2,31 2,92 0,83 3,14

Conf.1 Conf.2 Conf.3

43 36 43 48 28 65 64 55 63
38 45 46 48 48 65 59 60 63

49 53 50 55 60 61 53
52 51 60 53

2.5 Experiment #5: Three Kinects in Front of the User

In this experiment, three Kinects are pointed in the same direction and in front of the
mannequin. This experiment is complementary to the first and second experiments, and
its configurations are shown in Fig. 1e. The purpose of this experiment is to determine
how overlapping patterns affect the correct positioning of the mannequin. The results
of this experiment are shown in Table 5.

The accuracy of the mannequin’s position is lower in this experiment than in exper-
iments #1 and #2, as shown in Fig. 2. In areas smaller than three meters, the behavior
when using several Kinect agents is the same, and the accuracy is predictable. However,
for distances of 4 meters the error in the positioning works in a different way. When us-
ing two Kinect agents, the results are substantially worse. But, with more sensors the
results are stabilized. In parallel, the results for the erroneous pixels are also greater.
In this case, we observe a difference with experiment #1. This indicates that there are
problems with the sensors and, perhaps, the mannequin’s positioning is not the best.
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Table 5. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #5

Conf.1 Conf.2 Conf.3

0,06 0,07 0,04 0,09 0,05 - 0,09 0,18 -
0,08 0,08 0,05 0,12 0,28 0,06 0,27 0,06 0,09

0,13 0,22 0,38 0,19 0,22 0,26 0,61
3,96 3,31 5,31 5,48

Conf.1 Conf.2 Conf.3

56 63 54 59 62 - 69 64 -
65 63 61 66 71 51 68 65 78

66 67 66 62 67 67 76
67 69 68 68

Fig. 2. Deterioration in the positioning of a user when using 1, 2 or 3 sensor agents pointing to
the same direction

2.6 Experiment #6: Three Kinects Located Perpendicularly

This last experiment uses three Kinect agents located perpendicularly. The first and the
third Kinect agent is one in front of the other. The configuration of this experiment
is graphically represented in Fig. 1f. The purpose of this test is to determine how the
interference among a large set of sensors affects the positioning of the mannequin. The
results are shown in Table 6.

The results for the accuracy of the mannequin’ positioning is very similar to those
found for experiments #3 and #4, since this experiment is a combination of both of them.
Here again, the result shows a deterioration of the accuracy (see result at the top row of
experiment #4, and the right column of experiment #3). These results obtained from the
combination of multiple sensors can be estimated from the base cases presented here
(experiment #1). The erroneous pixels in this experiment are lower than in experiment
#1. This fact emphasizes that a low erroneous frame rate does not mean that the results
are really good.
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Table 6. Standard deviation of mannequin’s position accuracy (in centimeters) and erroneous
pixels (in thousands) in experiment #6

Conf.1 Conf.2 Conf.3

0,04 0,45 0,28 0,09 0,77 0,67 0,63 0,35 1,58
0,35 0,12 0,06 0,10 0,35 0,33 0,08 0,26 0,89

0,13 0,12 0,34 0,11 0,08 0,16 2,07
2,14 2,44 1,87 2,25

Conf.1 Conf.2 Conf.3

39 30 42 42 37 66 65 46 47
35 36 46 44 42 50 52 51 47

49 45 39 46 52 51 42
53 51 50 41

3 Discussion and Conclusion

This work has dealt with the problem that arises when more than one Kinect sensor is
used in a common recognition area. In this context, a multi-agent system approach is
proposed and each Kinect has been considered an agent. This study has focused on the
distance to a mannequin, and how the number and location of sensors employed affect
the mannequin’s position accuracy and the number of erroneous pixels. The results
obtained from several experiments show the internal operation of Kinect sensors. These
sensors provide better recognition data when the distance to the goal is minor than 4
meters. However, when distances are equal or greater than 4, the accuracy worsens. In
this work, we have identified that the random error of depth measurement increases
with increasing distance to a single Kinect sensor.

However, a combination of several Kinect sensors can improve this behavior. The
mannequin’s position captured by one single Kinect usually offers better results than
when it is captured by more than one. Obviously, there are several situations where
a single Kinect is not reliable to capture user data. This may be because the user is
moving in the interaction space, or the user must be captured from different angles, or it
is necessary to increase the interaction space. In these cases, it is essential to determine
how to locate the cameras and how this will affect the data quality.

The use of erroneous pixels is not reliable to determine how well the obtained data is.
A large number indicates that there might be problems in capturing the user, but a low
number does not indicate that data has quality. However, this indicator may be used to
show possible problems in the system. The results of the experiments performed should
be used in the design of interaction spaces with multiple depth sensors with the aim of
avoiding to make errors in the sensors’ location.
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Abstract. Ambient Intelligence (AmI) is a very active topic of research that is 
gaining more and more attention because of its characteristics, transparency and 
intelligence. Older people is one of the collectives that can take advantage of 
the use of AmI systems because, thanks to these characteristics, AmI systems 
can focus on older adults’ real needs so that they satisfy one of their main moti-
vations to adapt technological innovations: perceived benefits. And, perhaps, 
everything related to healthcare and home care is perceived by them as both 
valuable and beneficial. In this paper, it is presented the Multi-Agent architec-
ture (MAS) of a healthcare AmI system to treat older people’ motor impairment 
problems by using specific devices to control the patient’s movements. In this 
way, the natural relationship between AmI and MAS is being widely exploited. 
AmI proposes the development of context-aware systems that integrate different 
devices to recognize the context and act accordingly. Agents provide an effec-
tive way to develop such systems since agents are reactive, proactive and exhib-
it an intelligent and autonomous behavior. One of the main differences of our 
system is that it provides therapist with support to design new therapies, to 
adapt them to each specific person and to control their execution instead of us-
ing a fixed set of exercises.  

Keywords: ambient intelligence, intelligent system, multi-agent system, 
healthcare AmI system, architecture, motor impairment problems, home care, 
telerehabilitation. 

1 Introduction 

Ambient Intelligence (AmI) is a very active topic of research that is gaining more and 
more attention because of its characteristics, transparency for the user and intelli-
gence. As Ducatel et al. [1] state, AmI promotes the development of innovative and 
intelligent user interfaces “embedded in an environment that is capable of recognizing 
and responding to the presence of different individuals in a seamless, unobtrusive and 
often invisible way”.  This means that AmI systems become transparent as people do 
not perceive their complexity neither their presence, and are intelligent to react in a 
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proactive and sensitive way [2] at the same time. These two characteristics have had a 
great impact because it has allowed technology to be used by people who, otherwise, 
would have been probably computer illiterate.  

Older people is one of the collectives that can take advantage of the use of AmI 
systems. They have been traditionally reluctant to the use of technology. For instance, 
a household survey [3] about ICT use carried out among 1,001 people from England 
and Wales in 2003 showed that the use of computer was a minority activity amongst 
older people, because they considered it had low relevance to their daily-life. Howev-
er, AmI has become a meaningful advance in this sense, as it represents “the future 
vision of intelligent computing where environments support the people inhabiting 
them”[4], that is, AmI systems focus on older adults’ real needs so that they satisfy 
one of their main motivations to adapt technological innovations: perceived benefits 
[5]. And, perhaps, everything related to healthcare is perceived by them as both valu-
able and beneficial.  

The quality and cost of healthcare and wellbeing services is a critical issue, lately 
exacerbated by an increasing aging population. For this reason, the development of 
healthcare AmI systems are becoming a necessity that must be shortly addressed. 
There are already a wide diversity of these systems that are being used in different 
contexts. For instance, the development of the smart homes have allowed [6] to move 
away the care from hospitals to older people’ home, that is, to bring the health and 
social care to the patient instead of bringing the patient to the health system. They 
have been also developed for very different purposes from training for cognitive re-
habilitation [7] till physical rehabilitation [8]. This paper focuses on an AmI system 
for this last kind purpose in order to treat older people’ motor impairment problems 
by using specific devices to control the patient’s movements. One of the main differ-
ences of our system is that it provides therapist with support to design new therapies, 
to adapt them to each specific person and to control their execution instead of using a 
fixed set of exercises. In this paper, we present the Multi-Agent [9] architecture of 
this system. The rest of the paper is structured as follows. After this introduction, 
Section 2 presents the related work. Then, in Section 3, the architecture of the rehabil-
itation system is detailed. Finally, the conclusions and future work are described in 
Section 4.  

2 Related Work 

As stated by Cook et al. [10] AmI technologies are expected to be sensitive, respon-
sive, adaptive, transparent, ubiquitous, and intelligent. Context-aware computing 
field mainly provides support to the first three features, while the area of ubiquitous 
computing is the one that facilitates transparency and ubiquity. However, intelligence 
is the most critical feature as it makes AmI systems more sensitive, responsive, adap-
tive, transparent and ubiquitous. The main reason is that intelligence helps in under-
standing user environments and, consequently, in providing adaptive assistance [11]. 
This explains why AmI entails contributions from different AI areas [12], such as 
machine learning [13], neural networks [11] and, specially, Multi-Agent System 
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(MAS) [9]. MAS are particularly good at modeling real-world and social systems, 
where problems are solved in a concurrent and cooperative way without the need of 
reaching optimal solutions. This is why the natural relationship between AmI and 
MAS is being widely exploited [14]. AmI proposes the development of context-aware 
systems that integrate different devices to recognize the context and act accordingly. 
Agents provide an effective way to develop such systems since agents are reactive, 
proactive and exhibit an intelligent and autonomous behavior [15]. Agents react to 
humans based on information obtained by sensors and their knowledge about human 
behaviors within agent-based AmI applications [16]. 

One of the approaches that combines AmI and MAS is the one proposed by 
Corchado et al. [17]. They propose an intelligent environment (GerAmi), which inte-
grates MAS and other technologies, such as mobile devices, in order to facilitate the 
management of geriatric residences. In this sense, they assign each nurse and doctor 
an autonomous healthcare agent that includes relevant information about patient loca-
tions, historical data and several alarms to make a plan, so each professional can fol-
low his agent’s plan, and modify it to accommodate delays or alarms. In such a case, 
his associated agent makes a new planning in real time with the new information.  

As stated by Isern et al. [18] there are a wide range of works that apply MAS in 
healthcare. Some of the fields of application of these agent-based approaches are 
decision support systems, which are aimed to assist the professional in the execution 
of healthcare processes, such as treatments or diagnostics, or remote care, where they 
are aimed to remotely monitor the status of patients allowing pervasive care. In the 
latter case, there are multiple proposals focusing on (remote) home care, e.g., to 
monitor and assist older people at home, identifying potential dangerous situations 
(AmIHomCare [19]), or to provide support in the daily activities of an older person 
(ROBOCARE domestic environment [20]). Another similar approach is IAServ (In-
telligent Aging-in-place Home care Web Services platform) [21], which produces a 
personalized healthcare plan to meet the desire of patients of still living in his own 
house. This is done by first submitting the patient’s profile to IAServ by the 
healthcare professional, and then this profile is converted into an ontology specifica-
tion to facilitate the generation of the personalized care plan for the patient, done by 
an inference engine. 

Other approaches are related to home care, even though they are focused on assist-
ing professionals. For example, K4Care platform [22] provides an environment for all 
actors involved in the provision of home care services so they can remotely access all 
the knowledge they require, keep track of their current and pending activities, or re-
quest the necessary services for their patients.  

Most of the approaches mentioned before [17][19][20][21] are specifically oriented 
to older people as they represent a susceptible population group to be assisted regard-
ing healthcare and home care. So much so that there are a wide variety of Ambient-
Assisted Living (AAL) tools for older adults based on the AmI paradigm, as Rashidi 
and Mihailidis stated in [23]. These authors distinguish several AAL application are-
as, but we are especially interested in one in particular: Therapy, namely in 
telerehabilitation systems as it is the main object of our research. 
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Regarding to rehabilitation area, we can find some works that propose intelligent 
robotic systems to assist the physical rehabilitation process of the patient, e.g., for 
knee rehabilitation [8] or for lower limb rehabilitation [7] that, unlike the first one, it 
uses a MAS to detect bioelectric and physical signals through a sensor network locat-
ed in the patient’s body in order to determine his movement intention and assist him 
in doing such a movement. Another different proposal, called OntoRis [24], offers an 
ontology-based rehabilitation service that the patient can use to acquire comprehen-
sive information about his prescribed rehabilitation treatment, or it can simply serve 
as an interactive learning platform for people interested in this particular medical 
field. Finally, Abreu et al. [25] focus their attention on cognitive rehabilitation, name-
ly on using 3D games for neuropsychiatric disorders rehabilitation. These authors 
propose a MAS for automatic control while the patient is playing a 3D game in order 
to reduce human intervention needed to manage the execution of software processes.  

In this sense, our proposal has some similarities with respect to the one presented by 
Abreu et al. as we also propose a MAS that is able to control the performance of all the 
tasks that a patient is doing during a rehabilitation therapy. The main difference here is 
that our approach is centered on physical rehabilitation, instead of cognitive rehabilita-
tion. However, unlike the works mentioned before [8][7] about physical rehabilitation 
where an intelligent controller is used to manage the robot behavior, our proposal is fo-
cused on the performance of the tasks prescribed in a particular rehabilitation therapy. 

Moreover, our proposal is centered on physical rehabilitation for older people as we 
have noticed that this collective has specific difficulties while doing rehabilitation exer-
cises mainly because of physical (and/or psychical) problems associated with aging. 

Furthermore, our system takes the advantage of using a MAS combined with AmI, 
as some of the works mentioned before. Therefore, the use of the AmI paradigm 
makes sense here when talking about older people given that AmI provides transpar-
ent and intelligent mechanisms to interact with any type of software. The benefits of 
using AmI for older people are clearly stated before, allowing an older adult to inter-
act in a transparent, simple and easy way with our rehabilitation system. This kind of 
intelligent system may avoid possible conflicts that arise when older people interact 
with software systems in a classical way as most of them are not familiarized with the 
use of technology at all. 

Thus, this paper presents an extension and enrichment of the system proposed in a 
previous work [26] in order to reach the development of a complete system able to 
create, perform and monitor therapies for physical rehabilitation of older people dis-
eases. Our proposal provides a tool that can be used by experts in the field of rehabili-
tation to define a set of customized therapies and the rules that determine the behavior 
of the system at runtime. In this way, activities can be adapted to older people while 
performing a particular therapy. The creation of therapies is driven by a metamodel 
that defines the Domain Specific Language. Namely, in rehabilitation domain, a 
Therapy is composed by Activities, an Activity is composed by Tasks, and a Task is a 
set of Steps which can be Gestures or Postures that the older person has to perform. 
Relationships between elements of the same hierarchical level can be established in 
order to define a sequence of Therapies, Activities or Tasks, respectively. Therefore, 
the therapy model can be described as a composed diagram state.  



 A Multi-Agent System in Ambient Intelligence for the Physical Rehabilitation 117 

 

 

Fig. 1. Snapshot of the user interface to define a therapy, using Microsoft PixelSense 

The therapist can easily instantiate the metamodel by using a user interface devel-
oped for Microsoft PixelSense (see Fig 1) and specify the movements that the older 
person has to perform by using Microsoft Kinect. The resulting model can be inter-
preted by the system which automatically generates therapies that are performed by 
older people with motor impairment problems. These therapies are also supervised 
and monitored by the system using MS Kinect and other kind of sensors that provide 
information about physical conditions of the older person in a transparent way. Fur-
thermore, in rehabilitation context, an older person only has to move according to the 
specified therapy without direct interaction with any devices, taking advantage of the 
AmI paradigm. Moreover, the therapist defines a set of Fuzzy Inference Systems 
(FISs) that allows our system to adapt the therapies and to decide the performance 
order of the tasks, activities and therapies at runtime. In order to support these fea-
tures, a MAS has been integrated into our system, which will be described in the next 
section. 

3 A MAS Architecture for Older People Rehabilitation in AmI 

In this section, a general overview of our MAS designed to improve the supervision 
and execution of therapies for older people is discussed. It makes use of AmI to  
enrich the environment provided to older people and improve the decision making 
activities derived from the requirement to provide therapies adapted to the ambient 
situation and the person using the system. 

Our MAS is focused on the rehabilitation of older people diseases related to physi-
cal problems. In this rehabilitation process, a therapist prescribes a treatment compris-
ing several therapies designed for the rehabilitation of specific complains. Therapies 
are organized according to activities, and those activities consists of some tasks. Fi-
nally, these tasks are carried out by executing some steps (in our case, these steps can 
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be either gestures or postures). Thus, this MAS is designed to achieve several goals: 
(1) it supports the execution of the therapies designed by the therapist for older peo-
ple, (2) it carries out sensoring activities to monitor how well an activity is being 
done. Furthermore, this MAS also provides monitoring for some ambient features, 
namely the oxygen level, the stress, the beats per minute and the current mood of the 
person. All these features are captured by means of dedicated hardware devices that 
provide the data to the MAS. 

Next, a description of the overview of the design of our MAS is included. 

3.1 MAS Development Methodology 

The design of our MAS was made by using Prometheus Design Tool [27], the tool for 
supporting Prometheus methodology for intelligent agent development. Prometheus 
comprises three main stages: System Design, Architectural Design and Detailed De-
sign. System Design is considered a stage to help in organizing the requirements for 
the MAS by expressing them into a comprehensive graphical notation. This phase is 
made based on the principles of the goal-orientation approach. In Architectural De-
sign stage the composition of the MAS is designed. This stage includes deciding what 
agents the MAS will have, the messages they will exchange or the capabilities they 
will exhibit. Finally, Detailed Design stage is related to the internal design of agents. 
As these stages are made for all the artefacts involved in the MAS, the System Over-
view diagram is composed. This diagram is a great tool for representing the general 
architecture of a MAS system (see Fig 2). This graphical notation includes the agents 
involved (in light brown color), the protocols including the messages they exchange 
(in magenta color), the actions each agent is responsible for (in light green color) and 
lastly, the percepts that represent the external information arriving to the MAS (in 
light red color) from the ambient. 

3.2 Managing Ambient Information 

In Fig 2, the overview of the design of our MAS system is depicted. To manage the 
external information arriving from the ambient to the MAS, dedicated agents are 
used. We decided to use one agent for each type of external ambient information  
(percept), because it is easier to extend its capabilities. This is an important feature, 
since the availability of sensors for assorted sources of information advances  
very quickly. Thus, our MAS must be ready to easily consider extra valuable infor-
mation from the ambient to improve the available information used in the decision  
making process. Therefore, we have an agent for each type of information arriving to 
the MAS from the ambient. The data sources we are using are oxygen level, posture, 
gesture, stress, BPM and mood. AgentOxygenLevelCapture, AgentPostureCapture, 
AgentGestureCapture, AgentStressCapture, AgentBPMCapture and 
AgentMoodCapture are the agents responsible for capturing the information from the 
ambient, respectively.  
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Fig. 2. MAS design overview 
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Oxygen level represents the saturation of oxygen in the blood, and it is a good in-
dicator to help to find out when the person making the therapy is becoming tired. 
Posture represents the different postures that the person is making to do the therapy, 
e.g., raising the arms or the elbow. Devices like Microsoft Kinect [28] are used to 
capture these postures, which provide information about how well a person is making 
each step of the therapy. Some therapies require more fine-grained movements, such 
as gestures made with the hands. Devices like Leap Motion [29] are able to detect 
gestures made with both hands. Stress level is also used to avoid making the therapy 
too stressful for the person. Beats per minute (BPM) is also a good measure for fa-
tigue. Finally, mood change is currently also supported to find out if, for example, the 
person is happy, excited or pained when making the therapies. Please, notice that in 
many cases the values reported by the ambient are relative. Therefore, the historical 
data and some statistics are required to make a proper use of this information.  

All these information must be stored and managed. To store and manage all the in-
formation, all the agents responsible for capturing the information send their pro-
cessed data to the AgentPersonDataManager. This agent is responsible, on the one 
hand, to integrate all the arriving information into the knowledge bases and, on the 
other hand, to dispatch this information on demand to any other agent that requires 
this information. Thus, an up-to-date and consistent version of the data is supplied to 
every agent so as to make more precise decisions.  

3.3 Therapy Execution 

The execution of the therapy is controlled by AgentTherapy. This agent is responsible 
for running the therapy. Therefore, it will control the execution of the activities, their 
tasks and the steps these tasks prescribe. Therapies are initially designed by the thera-
pist, but they can be adapted at run-time according to the input information from the 
ambient. The transition from one element of the therapy to the next is an important 
fact in the specification of the therapy. For example, if the person is tired it will be 
better to reduce the number of repetitions for each element. These transitions are 
specified by using fuzzy rules. Fuzzy rules are also created by the therapist, which 
provides a natural way to express how transitions should be made by using linguistic 
values rather than numerical values. Unlike the classical logic, the fuzzy logic does 
not establish rigid boundaries when dealing with a variable (e.g., Number of repeti-
tions is low when it is 3 or less), but it defines regions in the domain of the variable 
that can overlap and determines the degree of truth of a fact according to the real val-
ue. Those regions are known as Fuzzy Sets and the degree of truth of a fact is the 
degree of membership of a crisp value of the variable to the fuzzy set referred to in 
the fact. The degree of membership is calculated by using a membership function that 
defines that fuzzy set. The fuzzy sets are tagged with Linguistic Values. All fuzzy 
inference is handled by AgentInference. A specific agent is used for the inference 
engine aiming at keeping the inference as separated as possible from the rest of the 
agent. Thus, we support the isolation of possible changes in the inference engine. 
Furthermore, in this way, we have also a single agent that access the profile of the 
person. This is also interesting from the point of view of privacy, because by securing 



 A Multi-Agent System in Ambient Intelligence for the Physical Rehabilitation 121 

 

a single agent, the privacy of the data of the persons is improved, thus reducing the 
development effort for privacy issues. Privacy has been proven an issue for any kind 
of medical related software, since most people find their medical information espe-
cially private. 

3.4 Logging Therapy Statistics 

Another action carried out by AgentTherapy is generating statistics. For therapist to 
follow the progress of their patients, they need to get feedback about the execution of 
the therapies they design [30]. Aiming to provide such feedback to the therapist, 
AgentTherapy logs every action the patient does during the execution of the therapy, 
logging every activity, task and step the patient took during the therapy. These statis-
tics include currently completion time, repetitions, postures and gestures identified, 
tries before a posture or a gesture is made ok, and fatigue. With these statistics, the 
therapist can follow how the patients progress and they will provide valuable feed-
back to design other therapies or adapt the current ones. 

3.5 Adapting Therapies 

Although the therapists have feedback from the logging to try to design the therapy, it 
is impossible to foresee all the ambient factors that can have an influence during the 
execution of the therapy. Therefore, the transitions from one element of the therapy to 
another is made in terms of fuzzy rules. These fuzzy rules support the therapist in 
designing under what circumstances the transition should be to one element or anoth-
er, thus supporting and adaptive workflow of the therapy execution. These fuzzy rules 
are evaluated by the AgentInference agent. 

On the other hand, therapy execution can also be adapted in another manner.  
In this case, AgentAdaptation makes use of the information gathered by 
AgentPersonDataManager from the information captured through the sensors and the 
therapy execution logs to adapt the fuzzy sets to reflect the issues detected. For in-
stance, if TherapyAgent reports that the user has made too many repetitions of a ges-
ture or a posture to do it right, AdaptationAgent decides to reduce the precision re-
quired to consider the posture or gesture as right by adapting the corresponding fuzzy 
sets. This loss of precision can be because of fatigue, therefore AdaptationAgent, by 
checking the evolution of the data captured by the sensors, can decide to recommend 
a break in the therapy execution to the patient. Thus, we provide a therapy execution 
environment that can cope with a vast number of ambient situations that can change 
the initially predicted therapy execution defined by the therapist. 

4 Conclusions and Future Work 

In this paper, a new system for monitoring the execution of therapies in an Ambient 
Intelligence Environment by using a multi agent system is presented. This system 
allows the control of some specific physical therapies for the rehabilitation of older 
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people diseases. These therapies are designed by therapists from scratch by defining, 
not only the elementary activities, but also the rules that determine the behavior of the 
system. Their design is driven by a metamodel that defines the Domain Specific Lan-
guage of the rehabilitation environment and includes a set of Fuzzy Inference Systems 
that allows our system to adapt the therapies and to decide the performance order of 
the tasks, activities and steps at runtime. 

In order to support these features, a MAS has been designed. It makes use of AmI 
to enrich the environment provided to older people and improve the decision making 
activities derived from the requirement to provide therapies adapted to the ambient 
situation and the person using the system. Therefore, the MAS provides monitoring 
for some ambient features, namely the oxygen level, the stress, the beats per minute 
and the current mood of the person. All these features are captured by means of dedi-
cated hardware that provide the data to the MAS. In addition, our system provides to 
the therapists some feedback about the execution statistics that allows monitoring the 
execution and evolution of the older people that should carry out these therapies.   

Our next step is the evaluation of our system in a real environment. To carry out 
this evaluation we will have the support of some associations that assist older people 
and people affected by acquired brain injury.  
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Abstract. This paper introduces a distributed multiagent system architecture for
multimodal emotion identification, which is based on simultaneous analysis of
physiological parameters from wearable devices, human behaviors and activities,
and facial micro-expressions. Wearable devices are equipped with electrodermal
activity, electrocardiogram, heart rate, and skin temperature sensor agents. Facial
expressions are monitored by a vision agent installed at the height of the hu-
man’s head. Also, the activity of the user is monitored by a second vision agent
mounted overhead. The emotion is refined as a cooperative decision taken at a
central agent node denominated “Central Emotion Detection Node” from the lo-
cal decision offered by the three agent nodes called “Face Expression Analysis
Node”, “Behavior Analysis Node” and “Physiological Data Analysis Node”. This
way, the emotion identification results are outperformed through an intelligent
fuzzy-based decision making technique.

Keywords: Distributed multiagent system, multimodal architecture, emotion
identification.

1 Introduction

Nowadays, people interact constantly with information technology (IT) devices, both
at their professional activity and at leisure time. The qualitative part of this interaction
takes a special significance, just as it is directly related to the emotional state of the user.
In this sense, the emotional comfort, as well as emotion detection and recognition, is
becoming an essential part of any technological or computerized application (e.g. [1],
[2]). Emotion detection can be provided by capture and analysis of implicit informa-
tion about the user, such as voice, facial changes, alterations of body movements and
gestures, among others (e.g. [3], [4]).

Recognition of affective behavior is a part of affective interaction, in which a com-
puter aims at approaching an emotional state, mood, attitude or personal preference of a
human user. When adding the ability of emotional intelligence to computers, this makes
them more coherent to humans who interact with them. Emotion recognition and man-
agement is a core part of affective computing, a quickly developing branch of science
(e.g. [5], [6]), which shares spheres of research and integrates methods and approaches

c© Springer International Publishing Switzerland 2015 125
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Fig. 1. System of the distributed emotion detection architecture

from computer science, psychology, physiology, and so on. Many publications in this
area coincide that one of the important findings is that comfort and well-being of a user
is reached by providing affective modulation.

There are different types of emotion recognition systems, starting with unimodal
ones, such as face or voice expression recognition systems [7], and systems based on
processing physiological parameters. Among the latter, in [8] electrocardiogram, skin
temperature variation and electrodermal activity are registered and analyzed, and in [9]
electromyogram is used to identify emotions. Now, multimodal systems combine the
registration of various types of parameters [10]. Generally, multimodal systems show
better performance results as they are more error-prone, and they provide multiple in-
dependent sources of information. Also, in case of error, there should be disagreement
between the outcomes, though, on the contrary case, each module proves and confirms
the common result (e.g. [11], [12]).

This paper presents a distributed multiagent system architecture (MAS) for multi-
modal emotion detection, encompassing non-invasive emotion detection through cam-
eras and data collected by wearable sensors [13]. Wearable devices are equipped with
electrodermal activity, electrocardiogram, heart rate, and skin temperature sensor agents.
Facial expressions are monitored by a vision agent installed at the height of the human’s
head. Also, the activity of the user is monitored by a second vision agent mounted over-
head. So, emotion detection is realized as shown in Fig. 1. Here, emotional changes
experienced by a person are reflected in his/her face, as well as they can also alter ac-
tivities as well as provoke other internal bodily changes (see, [14], [4]) as, for instance,
an increase/discrease of the heart rate. Wearable sensors obtain data on physiological
indicators and also register changes in parameters.

The emotion is refined as a cooperative decision taken at a central agent node denom-
inated “Central Emotion Detection Node” from the local decision offered by the three
agent nodes called “Face Expression Analysis Node”, “Behaviour Analysis Node” and
“Physiological Data Analysis Node”. The final emotional state is determined as a com-
posite decision between the outputs generated by the three independent sources. In this
manner, an emotion is represented as a pattern which includes spatial, temporal, and
physiological indicators.

2 Emotion Identification Architecture

Our proposal of an emotion identification distributed architecture (EIDA) is modeled
as a distributed agent network which incorporates a set of nodes. Each of the agent
node performs its own autonomous functions. Initial information is gathered on the
logical hardware level, which is in charge of capturing data from independent sensors
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Fig. 2. Layout of the emotion identification distributed architecture

(video cameras and physiological wearable sensors, modeled as intelligent and physical
agents) and transferring them to the proper nodes. Fig. 2 shows the structure of the
EIDA and its components. The architectures includes the following agent nodes:

– “Hardware Level” which consists of independent sensor agents. They monitor peo-
ple’s behaviours, capture their facial expressions, and collect physiological data
from wearable sensors.

– “Face Expression Analysis Node” which is in charge of constant monitoring and
identification of human’s facial expressions.

– “Behaviour Analysis Node” which executes a set of data processing methods aim-
ing at the identification, classification, and tracking of human behaviours.

– “Central Emotion Detection Node” which fuses the outputs of the analysis nodes
received through the “Data/Communication Bus”, and takes the decision on which
emotion is perceived from a person.

Each node is composed of a pre-established set of levels. The levels show a natural
work-flow for image/signal processing, starting with data acquisition and preprocess-
ing, followed by identification and detection, and concluding with classification and
tracking. Additionally, each node performs an initial classification of emotions based
on its autonomous reasoning. In case it is not possible to identify an emotion or there is
a disagreement in classification between nodes, the “Central Emotion Detection Node”
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Fig. 3. Emotion identification MAS setup. A frontal camera is capturing the user’s facial micro-
expressions. An overhead camera monitors the user’s behaviour. The person also wears elec-
trodermal activity, electromyogram, heart rate, and skin temperature sensors capturing his/her
physiologic parameters.

makes its judgement. A general synchronization between the components of the EIDA
is provided by introducing a common timestamp. This MAS architecture is open to be
extended in the future to additional nodes if necessary.

3 Distributed Architecture Setup

The setup proposed for multimodal emotion identification is composed of a MAS that
provides constant monitoring of physical activity, facial expressions, and control of
physiologic parameters (see Fig. 3). The experimentation area (testing environment) is
equipped with an overhead and a frontal camera. The first camera is mounted to cover
the movements of a person, whilst the second camera captures his/her facial expression.
The user is wearing sensors which transmit data in order to detect changes in the main
physiologic indicators related to emotions.

3.1 Facial Emotion Recognition and Behaviour Analysis

The human face is the best source that reflects multiple emotions and brings almost the
necessary information for affect recognition. As it has been proved in many studies, the
visual channel is dominant in affective stimuli perception as well as for emotional state
“reading” through visually detectable indicators (e.g. [15], [16]). Thus, the interpreta-
tion of facial emotions and their correct classification accomplishes a significant part of
affective status identification [17].

Our proposal stars from the Facial Action Coding System (FACS) which offers a
detailed decomposition of facial muscle movements and classifies them into so-called
action units [18]. Action units are related to the movements of specific sets of facial
muscles that produce the expression. The emotion is recognized though using support
vector machines (SVM) to train a classifier. The classifier is trained and tested on the
standard databases JAFFE1, MMI2, and Cohn-Kanade3, and show high performance

1 http://www.kasrl.org/jaffe.html
2 http://mmifacedb.eu/
3 http://www.pitt.edu/˜emotion/ck-spread.htm

http://www.kasrl.org/jaffe.html
http://mmifacedb.eu/
http://www.pitt.edu/~emotion/ck-spread.htm
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results. The facial emotion detection node executes in the following way. A person is
continuously monitored while carrying out his/her daily activity. Micro-movements of
facial muscles are captured, evaluated, and classified.

Now, the behaviour is also closely related to emotions as it has been previously re-
ported (see, for instance, [19]). Indeed, different emotional patterns provoke arousal or
relaxation of specified groups of muscles, as well as changes in velocity, acceleration
and trajectory of movements. Depending on the emotion that is being experienced, a
person becomes excited or ceases activities, and his/her posture also serves as an indi-
cator of his/her mood. Behavior identification and tracking is gotten through constant
monitoring. The obtained data are preprocessed with image preprocessing algorithms
within the OpenCV library4 for real-time computer vision applications.

3.2 Physiological Sensor Data Interpretation

The data set consists of measurements of four physiological signals, which include
electro-dermal activity (EDA), superficial electromyogram (EMG), heart rate variability
(HRV) and skin temperature (SKT). These markers are chosen due to their suitability
reporting the arousal level on the user.

1. EDA is a measure of the skin conductivity, and its value is related with the incre-
ment in the sweat glands’ activity, as the skin is better able to conduct electricity.
The sweat secretion is also controlled by the sympathetic nervous system which
reacts against any stress situation, pain or mental illness.

2. EMG represents the electrical activation of the muscles, which is controlled by
the nervous system. It has been reported that motor activation may be helpful in
measuring the emotions, since evidence indicates that voluntary and involuntary
movements are modulated by the emotional context [20], as well as the innate dis-
position of the individual to move more rapidly in stress contexts, making EMG
signals helpful to reveal the excitation degree of the person [21].

3. HRV shows the irregularities produced on the heart, by computing the temporal
distance between consecutive heart cycles. Given that heart activity is controlled
by the autonomous nervous system, HRV measurements are appropriate to quan-
tify the arousal level on the individual. Indeed, HRV has been identified as a direct
link over the autonomic nervous system, being affected by the sympathetic ner-
vous, such that an increasing HRV can be observed when the person is under stress
stimuli.

4. SKT: This parameter is another indicator of arousal degree. Its decreasing and in-
creasing has been shown to be related to specific emotions [22]. Indeed, when the
user is under stress, body muscles are tensioned, provoking the blood vessels to
contract and, consequently, there is a decreasing of the skin temperature.

Data is obtained by the “Wearable Physiological Data Acquisition System” (WP-
DAS). In this regard, WPDAS is controlled by an ultra-low-power, 32-bit ARM Cortex-
M3 microcontroller (UC). The device architecture is chosen after taking into consider-
ation the low power consumptions and its scalability to another more powerful UC’s.

4 http://opencv.org/

http://opencv.org/
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Fig. 4. Fuzzy inference system for emotion detection

Furthermore, different signal acquisition systems are used to adequate the physiological
variables before being sampled by the UC.

3.3 Fusion for Emotion Recognition

Fuzzy logic is one of the artificial intelligence are to solve decision making under highly
uncertain conditions. It enables implementation of “human-like” reasoning, which is
optimal for multiagent systems such as the distributed architecture proposed in this
paper. Thus, a fuzzy-based fusion mechanism is proposed to enhance the overall system
performance. Fuzzy logic eases the problem of emotional state identification, on the one
hand, and facilitates recognition of emotional patterns, on the other hand. The proposed
fuzzy inference system is presented in Fig. 4.

The input variables, which include crisp data from the three independent sources
(overhead and frontal cameras and from the WPDAS) are transformed into linguistic
variables within the “Fuzzification block”. On the next step, the “Fuzzy inference en-
gine” simulates the reasoning process using fuzzy “IF-THEN” rules and data from the
“Knowledge base”. The fuzzy rules are generated based on the expert’s knowledge and
using linguistic variables. Lastly, the fuzzy set obtains the crisp values corresponding
to the output crisp variable “Emotion”. This variable offers an integer value from 1 to
7, which correspond to one of the basic emotions described by Ekman.

To fuse information which is received on the input of the “Fuzzification block”,
for the behaviour and physiological data analysis respectively the following linguistic
variables are stated:

– “The amount of moving”, which has the terms Active, Reserved, and Low.
– “The immobility time”, with the terms High, Medium, and Low.
– “EDA” with the terms High, Medium, and Low.
– “EMG” represented with the terms Tensed and Relaxed.
– “HRV”, which includes the terms Regular and Irregular.
– “SKT”, with the terms High, Normal, and Low.

The Face Expression Analysis Node outputs a variable which contains information
on emotional state, and a probability of the given emotion. These data is also given on
the input of the ‘Fuzzification block”.
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4 Conclusions

A multimodal distributed MAS architecture for emotion identification has been de-
scribed. The architecture is based on simultaneous and autonomous analysis of indepen-
dently processed physiological parameters and visual data. The visual agents capture
facial expressions and activities/behaviours. The physiologic signals include electro-
dermal activity, superficial electromyogram, heart rate variability and skin temperature.
Finally, a fuzzy inference system at central agent node “Central Emotion Detection
Node” identifies the emotional pattern of a person, fusing all available data coming
from the agent nodes “Face Expression Analysis Node”, “Behaviour Analysis Node”
and “Physiological Data Analysis Node”.

Acknowledgements. This work was partially supported by Spanish Ministerio de
Economı́a y Competitividad / FEDER under TIN2013-47074-C2-1-R grant.
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Abstract. Many software agents require information that is available
in web documents. Unfortunately, the existing proposals to learn extrac-
tion rules are tightly coupled with the learning component and do not
result in resilient rules. We present a novel approach that leverages neural
networks and has proven to be very resilient.
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1 Introduction

Some software agents need information that is provided by web sites, which is
particularly problematic in cases in which there is not an API available. Our
focus is on learning information extraction rules that help software agents in
this task in the context of semi-structured web documents.

Surprisingly, few techniques in the literature have attempted to leverage
general-purpose machine-learning techniques, but, instead, rely on ad-hoc learn-
ing procedures that cannot be easily decoupled from the rest of the proposal [3];
in other words, they cannot easily benefit from the many yearly advances in the
field of machine learning. Furthermore, the existing techniques focus on learning
very precise rules with high recall, which commonly makes them break when a
web site changes. A few authors have paid attention to the problem of learning
resilient rules [5, 6], but they are mostly handcrafted approaches. Other authors
have focused on re-learning broken extraction rules as automatically as possi-
ble [10, 12, 13], but the problem is to detect that a rule is broken and that agents
must stop until a new rule is available.

We present a novel approach to web information extraction, Dykers. It lever-
ages neural networks to learn very resilient extraction rules; furthermore, it is
decoupled from the core learner, which helps update it as new research results
are published. The paper is organised as follows: Section 2 surveys the related
work; Section 3 describes the details of our proposal; Section 4 reports on the
results of our experiments; finally, Section 5 concludes our work.
� Supported by grants TIN2007-64119, P07-TIC-2602, P08-TIC-4100, TIN2008-

04718-E, TIN2010-21744, TIN2010-09809-E, TIN2010-10811-E, TIN2010-09988-E,
TIN2011-15497-E, and TIN2013-40848-R. Thanks to Dr. Antonia M. Reina for her
help with a preliminary version of Dykers.
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2 Related Work

Kushmerick et al. [11] pioneered this field with a proposal that learns token pat-
terns that characterise the context of the information to extract; Hsu and Dung
[8] devised a proposal that first learns an automaton that models the information
to extract and then regular expressions to model transitions; Hogue and Karger
[7] presented a proposal that is based on tree similarity; Álvarez et al. [1] devised
a proposal that relies on clustering, tree matching, string matching, and string
alignment; Crescenzi and Merialdo [4] presented a proposal to infer a regular
expression that models the differences amongst a number of documents, which
are typically the information of interest; Kayed and Chang [9] devised a tech-
nique to learn rules that are context-free grammars; and Sleiman and Corchuelo
[14, 15] presented two proposals that are based on multi-string alignment.

The previous proposals rely on techniques that were specifically tailored to
learn information extraction rules. That is, the core learning component is not a
standard machine-learning technique and it is not clearly differentiated from the
rest of the proposal, which makes it difficult to update it with the new advances
in machine learning. Contrarily, Dykers leverages neural networks, but keeps
them decoupled from the rest of the proposal.

An additional problem is that the rules learnt are not typically intended to
be resilient. This motivated Embley [5] or Gregg and Walczak [6] to work on
proposals that require the user to devise an ontology that acts as a high-level
extraction rule, which is expected to be more resilient than an automatically-
learnt rule. Other authors have focused on procedures to re-learn broken rules,
which seems easier [10, 12, 13]. They learn a model from correct information
and then check whether a piece of information extracted by a rule deviates
significantly from that model, in which case an alarm is raised; then a human
expert must assess the results and, if necessary, run a re-learning process that
attempts to re-use as much information from the original training set as possible.

Dykers can learn very resilient extraction rules. The user just provides a train-
ing set with examples of the information required to feed an agent and it uses a
novel generalisation and mutation procedure that combined with a novel search
procedure helps learn very resilient rules very efficiently.

3 Our Proposal

In this section, we describe the main procedure in Dykers, then the procedure
to learn a rule, and, finally, the scoring function that guides the search process.

3.1 Main Procedure

Figure 1 shows the main procedure of Dykers. It works on a collection of datasets
sc. For each dataset ds in sc, it repeats the following procedure β times: first,
it selects �γ |ds |� documents from dataset ds and then δ documents from each
of the remaining datasets, where β, γ, and δ are user-defined parameters. This
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1: Dykers(sc)
2: m = ∅
3: for each dataset ds in sc do
4: rs = 〈〉
5: repeat β times
6: ds1 = select �γ |ds|� documents from ds
7: ds2 = select δ documents from each dataset in sc, except for ds
8: ts = compute training set for ds1 ∪ ds2
9: vs = compute validation set for ds \ ds1

10: ts = generalise and mutate ts
11: (u, v ,n, s) = learnRule(ts, vs)
12: insert (u, v ,n, s) in rs with priority s
13: end
14: m = m ∪ {(ds, rs)}
15: end
16: return m

Fig. 1. Main procedure of Dykers
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helps create a combined training set in which most documents are expected to
have been downloaded from the same site, but there is some noise from other
sites that has proved to help learn very resilient rules.

The training and the validation sets are then computed, which basically con-
sist in generating a vector-based representation of the selected documents. Each
vector corresponds to a DOM node; the first component is its unique identifier
(which is obviously ignored for learning purposes), then come the values of its
features, and then its class. The set of features includes every standard HTML
and rendering attribute, plus a number of user defined features like the first
bigram, the ratio of letters, the number of tokens, and the like.

Then, the training set is generalised, which consists in changing the values of
some features so that they become more general. For instance, a DOM node may
have font size ’26pt’ and another may have font size ’24pt’; using these exact values
leads to a rule that is very specific and less resilient than a rule that specifies
that the font size is large. Similarly, it does not actually matter if a piece of text
is underlined or bold, what matters is that it is emphasised. Table 1 summarises
the generalisations that Dykers performs.
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1: learnRule(ts, vs)
2: n = learn network from ts
3: s = score(n, vs)
4: r = r ′ = (ts, vs,n, s)
5: repeat
6: c = computeCandidates(r ′)
7: if c 	= 〈〉 then
8: r = r ′

9: r ′ = refineRule(r ′, c)
10: end
11: until c = 〈〉 or r = r ′

12: return r ′

Fig. 2. Learning a rule

Next, the generalised training set is mutated, which consists in changing the
values of some features randomly or making changes to the structure of a doc-
ument. Dykers performs the following structural changes: remove parent nodes,
remove children nodes, remove left or right sibling, exchange a node and its
parent, exchange a node and its children, exchange a node and its siblings.

Then a rule is learnt from the resulting generalised and mutated training
set; rules are of the form (u, v , n, s), where u denotes the training set from
which it was learnt, v is a validation set, n is a neural network that encodes the
information in u, and s is the score of n when applied to validation set v .

Recall that Dykers repeats the previous procedure β times. In each iteration, it
learns a rule from a different dataset; these rules are stored in a queue rs using
their scores as the priority. When a new node is to be classified as providing
information to be extracted or not, all of the rules are applied and the majority
class is returned. The main procedure then learns β extraction rules for each
of the datasets that is passed as a parameter; it returns a map in which each
dataset is associated with its corresponding collection of extraction rules.

3.2 Learning a Rule

Figure 2 shows the procedure to learn a rule from a training set ts using vali-
dation set vs . It first computes an initial rule (ts , vs , n, s), where n is a neural
network learnt from ts and s denotes its score on validation set vs . We do not
commit to a particular kind of neural network; Dykers can leverage any proposal
in the literature [2], but our experiments prove that RBFN networks work very
well in this context. Then, it iteratively computes candidate expansions of the
current rule and uses them to refine it until no expansion is possible.

The left part of Figure 3 shows the procedure to compute the candidate ex-
pansions of a rule r . It first decomposes r and then computes the expansions of
its training set. Computing such expansions is simple: it creates a new training
set in which the vectors, each of which corresponds to a DOM node, have addi-
tional components that correspond to the features of a neighbour. For instance,
Figure 4 shows an excerpt of an initial training set on the left, which provides
information about the nodes in the input documents; on the right, there is an
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1: computeCandidates(r)
2: (u, v ,n, s) = components of r
3: e = compute expansions of u
4: c = 〈〉
5: for each u′ in e do
6: n′ = learn network from u′

7: v ′ = expand v according to u′

8: s′ = score(n′, v ′)
9: insert (u′, v ′,n′, s′) in c with priority s′

10: end
11: return c

1: refineRule(r , c)
2: (u, v ,n, s) = components of r
3: r ′ = remove the head of c
4: (u′, v ′,n′, s′) = components of r ′

5: while s′ > s do
6: r = r ′

7: (u, v ,n, s) = components of r
8: if c 	= 〈〉 then
9: r ′ = remove the head of c

10: (u′, v ′,n′, s′) = components of r ′

11: u′ = combine u and u′

12: v ′ = combine v and v ′

13: n′ = learn a network from u′

14: s′ = score(n′, v ′)
15: r ′ = (u′, v ′,n′, s′)
16: end
17: end
18: return r

Fig. 3. Procedures to compute candidate expansions and best candidates

node font Family

node

font Size

node

tag

node

class

node

n1 Times 14px a null

n2 Arial 16px div book

n3 Null null img null

n4 Times 14px a title

n5 Helvetica 12px strong null

n6 Helvetica 12px null null

n7 Verdana 12px a author

n8 Helvetica 13px a author

node font Family

node

font Size

node

tag

node

node1 

= 

parent

(node)

font Family

node1

font Size

node1

tag

node1

class

node

n1 Times 14px body null null null null null

n2 Arial 16px div n1 Times 14px a book

n3 Null null img n2 Arial 16px div null

n4 Times 13px a n2 Arial 16px div title

n5 Helvetica 12px span n2 Arial 16px div null

n6 Verdana 12px null n5 Courier 12px span null

n7 Verdana 12px a n2 Arial 16px div author

n8 Verdana 12px a n2 Arial 16px div author

Fig. 4. Excerpt of an expanded training set

expanded training set in which each vector has been extended with the features
of its parent. Dykers takes into account the following neighbouring relationships:
parent, left sibling, right sibling, and i-th child, for i = 1..m, where m represents
the maximum number of children of a node in the collection of input documents.
Then, the procedure iterates through the set of expansions; for each expansion
u ′ it learns a neural network n ′, computes the appropriate validation set v ′,
computes its score s ′, and then stores the result in a priority queue c that is
returned once every expansion has been analysed.

The right part of Figure 3 shows the procedure to refine a rule. It works on the
rule r that has been learnt so far and the set of candidates c that was computed
previously. It first decomposes rule r into its components and then removes the
first candidate r ′ and decomposes it. Then, it iterates as long as the score of r ′ is
higher than the score of r , i.e., it provides some gain; recall that the collection of
candidates is sorted in descending order of score, so the first one is the one that
corresponds to exploring the neighbour that provides the maximum score. In
each iteration, it removes the first remaining candidate from c and combines its
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Table 2. Dataset used in our experimentation
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Fig. 5. Experimental results

training and validation sets with the training and validation sets of the current
rule, which helps explore as many neighbours as possible in a single iteration.

3.3 Scoring Rules

Dykers relies on the following scoring function to assess how good a rule is:

2 h m
h +m

,

where h denotes the fraction of correct information extracted (hits) and m de-
notes one minus the fraction of incorrect information extracted (misses). Both
figures are averaged using a harmonic mean; that is, it rewards a rule when its
number of hits is high and the number of misses is low, and penalises it otherwise.

To compute h and m, we have to use a rule’s neural network to predict the
class of every vector in a validation set and then count the number of true
positives (tp), true negatives (tn), false positives (fp), and false negatives (fn).
Fractions h and m are then defined as follows:

h = (tp + tn)/(tp + tn + fp + fn)
m = 1− (fp + fn)/(tp + tn + fp + fn).

4 Experimental Results

We performed our experiments on a four-threaded Intel Core i7 computer that
ran at 2.93 GHz, had 4 GiB of RAM, Windows 7 Pro 64-bit, Oracle’s Java
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Development Kit 1.7.9_02, and Weka 3.6.8. The experiments were performed
on a collection of documents that were downloaded from the sites in Table 2;
from each site, we downloaded 30 documents that were selected randomly.

We searched the web and contacted many authors in order to have access to
the implementation of as many proposals as possible. We managed to find an
implementation for SoftMealy [8] and Wien [11], which are classical proposals,
and RoadRunner [4], FiVaTech [9], and Trinity [15], which are recent proposals.

Regarding Dykers, we experimented with several combinations of parameters
and kinds of neural networks. We found out that the following values for the
parameters work quite well: β = 10, that is, 10 rules are learnt for each site;
γ = 0.30, that is, 30% of the documents available in each site are used for
training purposes and the remaining 70% documents for validation purposes;
and δ = 1, that is, one document is selected from sites other than the one for
which Dykers is learning a rule. Regarding the learning technique, we found out
that RBFN networks [2] are the best performing in this context.

We ran Dykers and the other proposals on the previous datasets and computed
precision and recall, which were aggregated using the F1 score. We first ran the
proposals on the original datasets and then introduced random mutations to
1%, 5%, 10%, 15%, 20%, 25%, and 30% of the nodes. Figure 5 shows the results,
which make it clear that Dykers learns rules that are very precise and have high
recall when no changes are involved, but keep working better than the other
proposals when the documents undergo changes.

Regarding feature mutation, realise that neither RoadRunner nor Trinity per-
form well since a mutation as light as 1% has a dramatic impact on their per-
formance. The reason is that both techniques are intended to learn a regular
expression that provides a template for a whole document; such expressions rely
on the tags, their HTML attributes, and the text; thus a small change results
in a totally broken extraction rule. Contrarily, SoftMealy and Wien are a little
more resilient because they only characterise the tokens that surround the infor-
mation to be extracted; as far as a mutation does not change those tokens, they
can keep extracting information. Note, however, that their performance is poor
in general because the Web and the way that HTML is used has varied signifi-
cantly since these proposals were published. FiVaTech, on the contrary, seems to
be the most resilient proposal after Dykers; it also works on DOM trees, whose
nodes are clustered according to a similarity function and then generalised into
tree patterns; this results in rules that can deal with feature changes more easily
than other proposals, but worse than Dykers.

Regarding structure mutation, all of the techniques are clearly negatively
affected, but Dykers still produces the most resilient extraction rules. The results
regarding RoadRunner or Trinity are not surprising at all since small changes
to the HTML totally break the regular expressions that they learn. Regarding
SoftMealy and Wien, they are also very clearly affected by structure mutation
because a change to the structure of the DOM tree results in a reorganisation of
the tokens that surround the information to be extracted, which quickly breaks
its extraction rules. That is the reason why FiVaTech is also very affected by
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structural changes since the tree patterns that it learns are very dependent on
the nested structure of the DOM nodes.

5 Conclusions

We have introduced Dykers, which is a new proposal to learn web information
extraction rules. It can easily benefit from the innovations developed by other
authors since the core learning technique can be viewed as a plug-in component.
Our analysis of the related work proves that Dykers is innovative from a con-
ceptual point of view, since it clearly deviates from current approaches in the
literature; furthermore, our experimental analysis proves that it produces very
resilient rules when RBFN neural networks are used. This makes it an excellent
choice to feed software agents with web information.
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Abstract. In this paper, we present a knowledge-based recommender agent,
which is part of a multiagent system (MAS) that controls all the basic tasks in-
volved in organizing a sporting tournament. Using a recommendation algorithm,
this agent finds one competition system that best suits the competitions character-
istics in organizing a tournament. We show how knowledge-based recommender
systems can be used to guide sport managers in the choice of competition sys-
tem. This provides an interesting decision alternative, based on in the needs of
the users and tournament data.

1 Introduction

The most important part in the development of any sporting competition is the orga-
nization. Many aspects must be considered, such as the selection of infrastructure, the
selection of a competition system, advertising, regulations, distribution of information
between participants, and so on, which can often become a tedious task, or can even
cause problems during the course of the event. Given the wide range of existing sports,
each with its own set of rules, there are different ways to compete. Some sports are
played individually (athletics), others in pairs (tennis) and in teams (football or basket-
ball). This leads to the existence of various systems of competition as seen below.

In this paper, we will show how to apply a knowledge-based recommender system
to guide sport managers in their choice of a competition system. We present a recom-
mender agent, which is part of a MAS. We believe that the use of this agent will improve
the management of a sporting event regarding all the basic tasks involved in organiz-
ing a tournament: the selection of the sports venue, registration, reporting mechanisms,
tracking, storing and diffusing information for each event in real time.

This paper is structured as follows. In Section 2 we present the recommender sys-
tems, section 3 provides a short overview of the knowledge-based recommender agent,
in which a recommendation algorithm is intended to guide sport managers in the choices
made for a competition system. This algorithm finds the system that best suits the com-
petitions characteristics. Section 4 explains the conclusions of the paper and states fu-
ture work.
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2 Recommender System

A recommender system is a program that analyses behaviors and characteristics of users
and attempts to recommend actions or items that could be useful to those users [6],
[18]. This type of system began to appear in the market in 1996 [11]. Applying the
idea of composing profiles from the behaviors, preferences and characteristics of users,
recommender systems can be used, based on different areas of knowledge, to learn
about user interests and to make recommendations accordingly [4].

The main types of recommendation systems are content-based, collaborative filter-
ing, or knowledge-based or they can be hybrid recommender systems, which combine
two or more techniques to improve the quality of recommendations [1][12].

In the content based approach, items are recommended according to their similarities
to items sought by users in the past. Items are recommended by comparing their content
and user profiles [10].

Collaborative filtering techniques predict product preferences for a user based on the
opinions of other users. The opinions can be obtained explicitly from the users as a
rating score or by using some implicit measures from purchase records, such as timing
logs [17]. Currently there are two approaches for collaborative filtering, memory-based
(user based) and model-based (item-based) algorithms. Memory-based algorithms, also
known as nearest-neighbour methods, were the earliest used of the two [14]. They treat
all user items by means of statistical techniques in order to find users with similar pref-
erences (neighbours). The advantage of these algorithms is the quick incorporation of
the most recent information; however, the inconvenience is that the search for neigh-
bours in large databases is slow [16].

Model-based collaborative filtering algorithms use data mining techniques in order
to develop a model of user ratings, which is used to predict user preferences. Collab-
orative filtering, especially the memory-based approach, has some limitations in the e-
commerce environment. Sparsity and scalability are serious weaknesses which would
lead to poor recommendations [5]. Sparsity occurs when the number of ratings needed
for prediction is greater than the number of the ratings obtained, and may take place
because collaborative filtering usually requires user explicit expression of personal pref-
erences for products. The second limitation is related to performance problems in the
search for neighbours in memory-based algorithms. These drawbacks may be minimized
by means of data mining methods. However, there are other shortcomings that may occur
even with these methods. The first-rater (or early-rater) problem arises when it is impos-
sible to offer recommendations about an item that was just incorporated into the system
and, therefore, has few, if any, evaluations from users. Analogously, such drawbacks also
occur with a new user joining the system, since there is no information about them. It
would be impossible to determine the user’s behavior in order to provide recommenda-
tions. Currently, this variant of the first-rater problem is also referred to as the cold-start
problem. Semantic web mining can be used to address the last problems. Taxonomic ab-
straction provided by an ontology allow for inducing pat- terns at a more abstract level;
that is, regularities can be found between categories of products instead of between spe-
cific products. These patterns can be used in recommender systems for recommending
new products that still have not been rated by the users [9]. This is a way of dealing with
the first-rater problem. The cold-start problem can be solved in a similar way.
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In summary, we can say that the traditional systems of recommendations, such as
collaborative filtering or based on content, rely on user profiles and certain features of
the items to make recommendations. However, these systems do not explore in depth
knowledge about the domain of items. Therefore, the systems traditional recommenda-
tions are perfectly valid for processes recommendation of unique products, but they are
not are useful in complex domains. At present there is an interesting approach, which
has emerged as a trend in the next generation of recommender systems: to contemplate
user profiles by recognizing what users need and not simply what they want or prefer
[13]. In this approach, as pointed out in [6], recommender systems are more useful to
users because they can help them to solve problems, make decisions, streamline tasks
and even transform their profiles. Thus, we believe that knowledge-based recommender
systems would be more suitable to guide sport managers in the choice of competition
system.

3 Knowledge-Based Recommender Systems

A third type of recommender system is one that uses knowledge about users and prod-
ucts to pursue a knowledge-based approach to generating a recommendation, by using
reasoning to determine which products meet the users requirements [2]. They model the
user profile and apply inference algorithms, in order to identify the correlation between
user preferences and existing products, services or content [3].

These systems aim to deepen the knowledge about users and items in order to make
recommendations that properly fit with the requirements of the user. Based on this type
of information, the system performs a reasoning process that fits more items associated
with the needs of the user. Thus, the key to the knowledge-based recommender systems
lies in a more thorough understanding of how the user defines a need. In [2][3][7] we
can see several examples of knowledge-based recommender systems.

The operating mode of knowledge-based systems may lead to the elimination of
certain problems generally associated with recommendation systems:

1. Cold-start problems may be eliminated, as their recommendations do not depend
on user ratings.

2. There is no need to store information about a particular user because similarities
between user preferences are independent of each other.

Furthermore, such recommendation systems have a number of drawbacks:

1. A knowledge engineering is required.
2. The recommendations are static type, i.e., for the same cases, the same recom-

mendations are made. This does not happen with recommender systems based on
collaborative filtering because they adapts to the recommendations as more infor-
mation about the user is learned.
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3.1 Knowledge-Based Recommender Agent

Given the number of competition systems that currently exist and the advantages and
disadvantages of each of them, selecting one competition system is one of the most
difficult decisions for managers to make. However, the traditional systems of recom-
mendation are not the most appropriate to solve this problem, since the preferences
of other users or past performance provides no valid or sufficient information to rec-
ommend competition systems. Therefore, we think recommendation systems based on
knowledge are more appropriate because they use information provided by the user
about specific needs and tournament data. With this information the system makes the
best recommendations for the managers.

For this reason, we decided to implement an agent capable of guiding a manager
in choosing a competition system that best suits their tournament needs and/or pref-
erences. A model of a single system for efficient competitions management has many
limitations. The system would need an enormous amount of knowledge to be able to
effectively deal with user information requests that cover a variety tasks. For reasons,
in addition to the characteristics of the Internet environment, we employ a distributed
collaborative collection of agents to draw up an optimum competition system.

The algorithms used in the knowledge-based systems are founded in case-based rea-
soning (CBR) [8]. They solve new problems with a high capacity for learning and adap-
tation. There are three different types of knowledge [15]:

1. Catalogue knowledge: This is the knowledge that we have of the recommending
items and its features.

2. Functional knowledge: This is the understanding of how the recommending items
can match the needs of users.

3. User’s knowledge: We need to gather information about the needs of the user in
order to find items that meet their needs.

In order to develop the knowledge-based recommender agent, we have built an algo-
rithm based on these principles, which are detailed below. The recommendation al-
gorithm (Algorithm1) is based on assigning a score to each competition system and
recommending the system that has gained the highest score at the end of the process.

3.2 Recommendation Algorithm Based on Scoring

As the recommendation system based on knowledge is implemented, the algorithm
starts from a set of competition systems S which comprises the products to recommend,
a set of base rules R, and a set of user preferences P. Both sets R and P form the set
of evaluation rules E . Each rule is given a weight kn so that we establish an order of
importance for each rule in the set of evaluation. As a result of executing the algorithm,
the competition system with the highest score is recommended.
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Algorithm 1. Recommendation algorithm based on scoring
1: Input: S set of competition systems (products to recommending), S = {s1,s2, ...sn}, P is the

set of user preferences P = {p1, p2, ...pn}, R is the set base rules R = {r1,r2, ...rn}, and E is
the set of evaluation rules, E = (R∪P) = {e1,e2, ...en}.

2: Output: Competition system recommended
3: for all en of E do
4: en = kn

5: compute resulting score v of sn defined as

v =

⎧
⎨

⎩

1 if the system is optimal for the rule.
0 if the system is not optimal for the rule.
-a/k if the system is bad for the rule.

where a is cumulative score for competition systems sn, defined as a = a+ v ∗ k (score
calculating function).

6: for all sn of S do
7: initialize an = 0
8: end for
9: sort set of evaluation rules E, according to their weights of manner descending.

10: for all en of E do
11: initialize an = 0
12: for all sn of S do
13: the rule en is applied to obtaining the value of e.
14: new resulting score is assigned based on step 5.
15: return competition system with the highest score (compute resulting score v).
16: end for
17: end for
18: end for

The organizer user must finally decide which competition system to use and, on
that basis, determine the calendar of matches. The agent provides the option Calendar
/ Matches, from which the organizer may determine the system that will govern their
competition. By clicking on the competition system button, a wizard appears, allowing
the user organizer to choose these options:

1. Recommended which competition system is best adapted to the characteristics of
the tournament or, conversely,

2. Manually select the competition system to use.

If an organizer user chooses to accept the system recommendation, an interface will
appear in which the user can input specific preferences.

Once the agent has assessed all the rules, the element whose score resulting was
higher is recommended, in this case the Mixed competition system. The recommender
agent represents a helpful tool to guide sport managers in the choice of competition
system. From the MAS, recommender agent collaborates with the tournaments agent to
allow any organizer user to register a tournament. It will facilitate planning, in addition
to publicizing the tournament and the registration of the participating teams.
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Fig. 1. The sequence diagram tournaments Agent

In Figure 1 we can see the sequence diagram applied to define the external view point
to the tournaments agent, which represents the model interactions in various phases of
software development.

4 Conclusions

The use of MAS for managing a sporting events can improve the performance in the
organization of a competition. The managers of sporting events can alleviate or delegate
responsibilities and tasks in an automated system and improve information disclosure
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between the various participants in real time. For this reason, we decided implement
an agent capable of guiding an organizer through the process of choosing a compe-
tition system that suits their tournament needs and/or preferences. This agent uses a
recommendation algorithm based on scoring, which has made it possible to build a
knowledge-based recommender system in the sporting context, while the typical use
of such a system is part of electronic commerce. The result obtained has been better
than expected, resulting in a recommender system that can assist tournament organiz-
ers in selecting the most suitable competition system. The model offers a methodology
for the efficient organization of sporting events, becoming a more appropriate tool for
management level decision making. As future work we will improve the functional-
ity of the agent using other data mining techniques to improve the algorithms used in
recommender systems. We would also like to include features that allow organizers to
disseminate information about tournaments through social networks, and to know the
popularity of their tournaments or the success of the dissemination efforts. This could
be accomplished by applying data mining and opinion mining techniques.
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Abstract. Traveling and city sightseeing are, in most cases, activities that in-
volve small groups of users. Hence, a content personalization process, in a travel
domain, requires taking into account simultaneously the preferences of different
users. Moreover, a group recommendation system should also capture the possi-
ble intra-group relationships, which are fundamental features in a group decision
process. In this paper, we model this problem as a multi-agent aggregation of
preferences by using weighted social choice functions. In this context, weights
can be extracted by analyzing the interactions of the group’s members on Online
Social Networks.

Keywords: Group Decision Making, Social Choice, Group Recommendation,
Small Groups, Social Networks.

1 Introduction

A decision support system for planning a city tour has to take into account that, po-
tentially, different group’s members (not a single user) jointly select the activities to
perform. Hence, it is necessary to suggest activities, or, more generally speaking, cer-
tain Points of Interest (POI) that maximize the group satisfaction, considering that the
members’ preferences can be different.

Providing recommendation to groups is a challenging problem because of the diver-
sity and the dynamics of intra-group relationships [1]. The design and implementation
of group recommendation systems, and, more generally, of decision support systems,
should take into account the type of control in the group decision-making process, and
consider the social relationships among the group members, intra-group roles and mu-
tual influences. For example, the decision of a group member whether or not to accept
a given recommendation may depend not only on his/her own evaluation of the content
of the recommendation, but also on his/her beliefs about the evaluations of the other
group members [2]. Users may be willing to accept last preferred activities in order to
improve the group happiness.

Online Social Networks (OSNs) are widely recognized as effective ways to interact,
communicate and collaborate with friends, but also to drive people’s opinions. More-
over, OSNs interaction analysis can provide a viable way to obtain, without intruding
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the users with questionnaires, information about the social relationships and pattern of
activities among the group’s members.

In this work, we show how social choice functions, typically used to merge agents’
preferences, can be adopted to provide group recommendations. Moreover, an auto-
matic analysis of group relationships in OSN can be used to weigh or to provide a rank
of the group members, in order to include social roles and mutual influences in such
functions. To validate our approach, we conducted two user studies with groups in-
volved in a city trip planning. In the first, each user was asked to select his/her preferred
POI, from a list, and then the group to provide a final decision. In the second, the users
were asked to provide the rankings for the same POI and than to evaluate two solutions
for the groups that are recommended by the system.

2 Related Works

The problem of aggregating individual preferences has been widely studied in Math-
ematics, Economics and Multi-agent systems (MAS), with the definition of Social
Choice functions. These strategies, according to [3], can be classified as majority-based
(mainly implemented as voting mechanisms to determine the most popular choices
among alternatives), consensus-based (that try to average among all the possible choices
and preferences), and role-based (that explicitly take into account possible roles and hi-
erarchical relationships among members). PolyLens [4] has been one of the first ap-
proaches to include social characteristics (such as the nature of a group, the rights
of group members, and social value functions for groups) within the group recom-
mendation process. Other works try to address the problem with other classical MAS
approaches, like Negotiation and Game Theory. For example in [5] the authors use dif-
ferent negotiation approaches, with agents that act on behalf of group’s members, and
the recommendations are obtained as result of the negotiation, while in [6] the authors
try to apply game theory techniques, modeling the problem as a game and determining
the recommendation by finding the nash equilibrium of the game.

However, many of these approaches do not consider the social relationships among
group members at all [1]. Following this idea, the Gartrell’s work [1] starts to evaluate
the group members’ weights, in terms of their importance or influence in a group, for
movies recommendations. The scope of this work is similar to ours and it was tested
on real groups. However, in [1] the defined group functions rely on the concept of “ex-
pertise” and “group dissimilarity”, while the selection of the function is obtained by
a “social value” derived from questionnaires. On the contrary, in our work, we argue
that relevant parameters can be directly extracted, in a first approximation, by a “non-
semantic” analysis of the interactions and by using an extension of widely used social
choice functions. Finally, consensus decision-making has been explored, inspired by so-
cial networks, in [7], where individual preferences are aggregated in a weighted social
choice function that, as in our case, takes into account local relationships with neigh-
borhoods in a network. However, in [7] the Authors do not specify how to evaluate such
numerical relationships while they focus on computational aspects of scaling up with
large networks of friends.
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3 Two Weighted Social Choice Functions

Generally, group recommendation approaches rely either on building a group profile,
resulting from the combination of all the users’ profiles, or on merging the recommen-
dation lists, generated for each individual user, using different group decision strategies.
We decided to focus on this second approach because it provides us the flexibility re-
quired in the group formation process; single user’s profiles and recommendations are
built independently from the other group’s members, and the users’ recommendations
are merged at the time of providing the group recommendations (e.g., only once the
group is established).

Formally, given a group of n users G = {1, . . . ,n} and a set of m POI P = {1, . . . ,m},
each user i ∈ G has a preference profile �i over P (�i= {ri(1), . . . ,ri(m)}), with ri(x) ∈
R, which represents the i’s rank for the x POI, and it is, eventually, retrieved by some
recommendation mechanism. The goal of the proposed work is to implement social
choice functions SC :�n→�G , that aggregates all the preferences profiles in �G=
{rG(1), . . . ,rG(m)}, that is the correspondent ranking as evaluated for the group. In
this work, we suppose to have complete and available preference profiles (e.g., they are
directly expressed by the users). In future works such preferences will be extracted with
the use of recommendation processes.

Differently from typical movie group recommendation, here the problem is not to
select a single item for the group, but a subset of activities (top K) for close friends.
Hence, there is room for potentially accommodate the needs of each group member. In
our framework, a majority evaluation of activities may have the potential risk to leave
some users dissatisfied, while, in our opinion, a close group will try to satisfy everyone
needs, as long as possible. Finally, according to [8], users involved in real interaction
seem to care about fairness and to avoid misery. For these reasons we decided to use
a fairness strategy and one based on average satisfaction. Our idea is to weigh such
functions with a measure of the influence of each user on the other group’s members,
and consequently on the group’s final decision. To make this, we evaluate the weight of
the relationship between pairs of users from the analysis of the interactions on an OSN.

In particular, we are interested in the analysis of the strength and the directional-
ity of online social interactions in order to gather useful information on intra-group
relationships, and use the strength of the different pairwise relationships in an aggre-
gated manner in order to evaluate the power/dominance of each single member on the
whole group. To compute the users’ ranking, we decided to use a simple “non seman-
tic” approach defined in our previous work [9]. For each user i ∈ G we evaluate his/her
dominance value, as the value D(i) ∈ [0,1]. Dominance values are computed by analyz-
ing the popularity of each user within the group, and evaluating the number of directed
interactions of each user towards the other group’s members. Such popularity values are
obtained implementing an extension of the well-known PageRank algorithm [10] start-
ing from the users’ interactions on the social network facebook.com. As in the classic
PageRank, each user inherits a portion of popularity from other users.
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x 1 2 3 4 5 6 7 8
r1(x) 1 5 3 1 2 5 4 3
r2(x) 3 4 1 2 5 3 2 4
r3(x) 1 3 2 5 1 4 3 2

r f air(x) 1 7 3 2 5 8 4 6

Table 1. An example of r f air. Users are ordered from 1 to 3 and
K = 3. The numbers in bold represent the ratings of the user’s K
preferred POI, while the rating values corresponding to the POI
that causes the least misery are underlined.

3.1 Fairness Strategy

The proposed fairness strategy (r f air) tries to accommodate everyone in the group, and
requires an ordering of the users. The first user’s top K choices are selected. Among
them, the one that causes the least misery to the others is selected (in case of items with
the same rating a non deterministic choice is made), and the process is repeated with the
successive user in the rank. The group POI ranking values are assigned in a descending
order from m to 1. Finally, the group recommendation will correspond to the K POI
with the highest r f air values. An example of application of this strategy is provided in
Table 1.

One of the main issues with the use of this strategy is that, by changing the users’
ordering, the selection process will produce a different result in the outcome, hence, we
propose to use the D(i) values to provide a ranking/to sort the users.

3.2 Average Satisfaction Strategy

As a second strategy, we developed an average satisfaction strategy (ravg). Inspired by
[1], we defined a strategy that takes into account the dominance as a weight for the
rating provided by the user (note that the sum of the dominance values in a group is
equal to one). Moreover, a second factor, which can be considered in the evaluation, is
a measure of dissimilarity among the users individual ratings. The proposed strategy to
evaluate the group G rating for the item x is:

ravg(x) = α · 1
n ∑

i∈G

(D(i) · ri(x))+β · (1−σ2
ri(x)

) (1)

where, ri(x) is the rate for the item x, made by the user i, D(i) is evaluated accord-
ing to [9], and σ2

ri(x)
is the variance of ri(x) that accounts for the dissimilarity among

the ratings of all the i ∈ G for the item x. α and β are weights. Once that the set
�avg= {ravg(1), . . . ,ravg(m)} is obtained, the final recommendation for the group G
will correspond to the first K activities x with the highest ravg(x) values.

4 Experiments and Evaluation

To evaluate the proposed functions, we had to address the problem that, in our specific
domain, there are no dataset that can be used for the evaluation. In fact, our applica-
tion would require a dataset containing information about users interactions on a social
network, information on the preferences of individual users, and information on the fi-
nal choices of the groups, in order to apply the proposed techniques and compare the
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obtained results. A dataset like this does not exist, so we decided to conduce two pi-
lot studies with real users involved in the task of planning a trip in a city. In the first
case, the aim is to evaluate the benefits of the introduction of the dominance values
as weights or to order users in the proposed functions. In the second, we focus on the
users’ satisfaction with respect to the recommendations proposed by the system.

4.1 A User Study with Binary Decisions

In the first case study, we evaluated the behavior of 14 groups composed, in the average,
of 3.36 close friends. 46 users took part in the experimentation (26 men and 20 women).
The average age was 27.3 with a graduate education.

We asked each user to register on a specific web site using the credentials of face-
book.com. Once registered, they were asked to imagine to plan a one-day visit in a
specific city and to select three activities (from a checklist of ten items) and two restau-
rants (from a check list of eight) for the day. Since we do not want the users to be
involved in strategic reasoning, we did not ask the users to express numerical ratings
for the selected choices in this first setting. Hence, we will assign ri(x) = 1 if the user
i selects the POI x, and ri(x) = 0 otherwise. The group was, then, asked to discuss,
face-to-face, in order to obtain a shared and unique decision for the group. This final
decision corresponds to the set �GT used to evaluate our functions.

In order to evaluate our results, we adapted the proposed fairness strategy to binary
selections. Since a single vote is associated with each POI (0 or 1), at each iteration
a user (selected according to his/her dominance value in a descending order) proposes
its first K choices (with K = 3). For each of the K proposals the votes made by the
other users are summed, and the choice with the higher sum is selected. Note that if K
is equal to the number of possible outcomes (as in this case), an activity, selected by
all the member of the group, will be selected in the final decision. Finally, in order to
evaluate the impact of the users’ dominance, we also implemented a standard fairness
version with a random users ordering (rst. f air).

As second strategy, we developed the weighted average satisfaction strategy. With
binary choices, the evaluation of dissimilarity does not have a relevant impact on the
final decision. Hence, the weights associated to Eq. 1 are α = 1 and β = 0. As in the
previous case, we also implemented the standard version of a simple averaging function
(rst.avg).

We evaluated the similarity of the recommendation provided using the weighted ver-
sion of the fairness function (� f air), average satisfaction function (�avg), and the stan-
dard implementation of such functions (i.e., �st. f air and �st.avg) with respect to the
groups’ ground truth (�GT ).

Table 2. Rate of similairty for �st. f air, � f air , �st.avg and �avg with respect to �GT

Similarity % �st. f air � f air �st.avg �avg

�GT 61 ± 20 66 ± 18 64 ± 16 74 ± 12
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Aggregated results are reported in Table 2. With respect to their standard imple-
mentations, functions that take into account social relationships perform slightly better
(66% w.r.t 61% for fairness, and 74% w.r.t. 64% for average). A bigger improvement
was noted for ravg. On the average, the ravg social choice function performs better than
the r f air, often guessing 4 on 5 activities. In many cases the responses of both strategies
were the same, and there is only one case in which r f air performs better than ravg. Fair-
ness strategy, in this simple binary case, with no information about rankings, suffers
more of random choices made by the function in the case of activities with the same
final score.

4.2 A User Study with Rankings

In this second case study, we evaluated the behavior of 17 new groups of friends com-
posed, in the average, of 3.1 people. 53 users took part in the experimentation (26 men
and 27 women). The average age was 26.8 with a graduate education.

This experiment was divided into two phases. In the first, as in the previous user
study, each person was asked to register on a specific web site using the credentials of
facebook.com. Once registered, he/she was asked to imagine planning a one-day visit
in a specific city, but this time also to provide ratings (from one to five stars) to the ten
proposed activities for the day and to the eight restaurants. Each rate corresponds to
how likely it would be for the user to visit such place (or to eat in). Once that all the
member of a group completed this first phase, we separately invited each member to
login again and to complete the process by evaluating the proposed recommendations.

In the r f air strategy the users were selected according to their dominance values in a
descending order, with K = 3. In the ravg strategy the weights associated to Equation 1
were w1 = 0.8 and w2 = 0.2 as suggested in [1].

Users were presented with both the recommendation provided by using the r f air

and ravg functions (as in the previous case the top five activities were recommended).
Moreover, the associated ratings for the proposed activities provided by all the members
of the group in the first phase were shown.

Finally, each user was requested to answer the following questions:

1. Which of the two proposed itineraries do you prefer? [None/First/Second/Both]
2. How do you rate the first itinerary? [1 to 5]
3. How do you rate the second itinerary? [1 to 5]
4. How much have you been influenced in the evaluations by the knowledge of your

friends’ ratings? [1 to 5]

Table 3. Aggregate results for the second user study

Accept. % � f air �avg � f air +�avg

average 66 ± 32 62 ± 30 81 ± 20

(a) Acceptance rate for the � f air , �avg and
globally � f air +�avg.

Users’ rates � f air �avg f riends
average 4.3 ± 0.6 4.2 ± 0.5 2.6 ± 0.6

(b) Average ratings for the � f air , �avg and
for the evaluation of the friends’ influence.
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In Table 3a, we reported the acceptance rate mean percentage. In the average, two
out of three members of each group accepted the proposed solution evaluated by the
r f air, while for ravg average value is a little bit smaller. Considering both the proposed
options the system had an acceptance rate of 81%. Moreover, considering directly all
the users involved in the test, and not averaging on groups, 49 people out of 53 (i.e.,
93% of the users) accepted at least one of the proposed itinerary.

In Table 3b, we reported the mean values for the users’ ratings of the � f air proposed
itinerary (i.e., question number 2), and �avg proposed itinerary (i.e., question number
3). Both the proposed results got, on average, a good appreciation by the users (more
than 4 stars). Moreover, we evaluated the Pearson correlation index ρ between such
ratings and the acceptance rates of the proposed strategies. As we expected, there is a
strong correlation between the acceptance rate of the proposed strategies and their eval-
uations made by the users. The obtained value for � f air is ρ = 0.67 (with a significance
p = 0.003), while for �avg is ρ = 0.77 (with p = 0.0003).

Surprisingly, the average evaluation of the impact of the friends’ opinions on the
evaluation of results ( f riends in Table 3b) is 2.6. We imagine that such value is an effect
of the testing procedure that ends with a private evaluation of the proposed solutions for
the group.

5 Conclusion

In this paper, we show that a simple, but effective, approach to extract social relation-
ships can be used as a weight or to order users in the definition of social choice func-
tions. With respect to their standard implementation, the weighted functions had better
performances. In particular, in the first user study with binary selections, a bigger im-
provement was noted for the average satisfaction function, which also performed better
than the fairness that suffers more of random choices. On the contrary, in the second
one, which involved POI ranking, fairness strategy has a bigger acceptance rate and
appreciation evaluation.

Providing a solution for the whole group is not the last step in group recommendation
since, differently from the case of one item recommendation (a movie to watch or a
restaurant), when the recommendation involves a set of activities, the group may be
involved in a subsequent interaction in order to take the final decision. Of course, the
better is the recommendation, the easier is for the group to reach a consensus. In this
direction, our next step will be to provide the group with interfaces to reach this final
decision.
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Abstract. The tremendous growth of online social networks all over the world 
has created a new place and means of social interaction and communication 
among people. This paper aims to improve traditional recommender systems by 
incorporating information in social networks, including user preferences and in-
fluences from social friends. A user interest ontology is developed to make per-
sonalized recommendations out of such information. In this paper, we present a 
social recommender system employing a user interest ontology. Our system can 
improve the quality of recommendation for Tunisian tourism domain. Finally, 
our social recommendation algorithm will be implemented in order to be used in 
a Tunisia tourism Website to assist users interested in visiting Tunisian places.  

Keywords: Recommender Systems, Collaborative Filtering, Social Network, 
User Interest Model, Social Semantic Web, Ontology. 

1 Introduction 

Since social networks are developed by several different kinds of relationships, it 
remains impossible for the graphs’ edges and the numerical values to explain all the 
semantic relationships. Having mentioned this problem, we propose, as a solution, a 
method that makes it possible to represent a social network based on ontology. Using 
an ontology-based method could allow us to describe all the semantic relationships 
and the interactions in a social network. The importance of the use of ontologies to 
represent the types of actors and the relationships in a social network for the purpose 
of semantically visualizing the databases has been demonstrated by [1]. Based on the 
fact that ontologies can be used to semantically describe social relationships and in-
teractions and that social networks can generate and suggest several varied recom-
mendations with reference to the user needs [2], this paper aims to exploit the impact 
of online social network (Facebook) on the consumers’ purchasing decision process in 
Tunisian Traveling Websites. To achieve this purpose, we have developed a user 
interest ontology that represents all the preferences and interests of a user.  Those 
preferences and interests are extracted from the user’s profile in the social network.  

Based on mainstream literature on recommender systems in social networks  
[3], social networks already propose to their users recommendations based on their 
profiles. In a similar fashion, they help users find people for sharing common social 
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activities and preferences. Being aware of the importance of the user and of his/her 
preferences in recommendations, we study, in this paper, the impact of incorporating 
semantic user profile (derived from past users’ behaviors and preferences) on the 
accuracy of a recommender system[4],[5].  

The rest of the paper is organized as follows. Section 2 describes the need of a so-
cial network-based recommender system, while Section 3 shows and accounts for the 
use of a personalized social recommender system for Tunisian tourism information; a 
new paradigm of tourism recommender systems developed by using information in 
social networks. Section 4 presents the need for a semantic user profile in the social 
network and explains our method for modelling a user interest ontology to personalize 
social recommender system. Finally, section 5 concludes the paper and describes the 
orientations of our future work. 

2 Social Network-Based Recommender Systems 

Traditional recommender systems suffer from many issues. For example, in order to 
measure item similarity, content-based methods rely on explicit item descriptions. 
However, such descriptions may be difficult to obtain for items like ideas or opinions. 
Collaborative filtering has the data sparsity problem and the cold-start problem [6]. In 
contrast to the huge number of items in recommender systems, each user normally 
only rates a few. Therefore, the user/item rating matrix is typically very sparse. It is 
difficult for recommender systems to accurately measure user similarities from those 
limited number of reviews. A related problem is the cold-start problem. Even for a 
system that is not particularly sparse, when a user initially joins, the system has none 
or perhaps only a few reviews from this user. Therefore, the system cannot accurately 
interpret this user’s preference. 

Integrating social networks in recommender systems can, therefore, result in more ac-
curate recommendations. That is to say, the information, interests, and recommendations 
retrieved from social networks can improve the prediction accuracy. Additionally, the 
information obtained about the users and their friends makes it unnecessary to look for 
similar users and to measure their rating similarity as the fact that two people are al-
ready friends can imply that they have things in common [7]. The data sparsity prob-
lem can be solved in this case. The cold start issue can also be overcome because even 
if a user has no interests' history, recommendations can still be made based on a 
friend's preferences. 

All of these intuitions and observations motivate us to adopt this approach of social 
network-based recommender system that can take advantage of information in social 
networks. Our goal is to represent all these information extracted from social network 
in a user interest ontology [8] that can help us in the recommendation process. In fact, 
in order to be able to recommend an object to the user, one must know the interests 
that represent a part of the user profile. 
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3 Personalized Social Recommender System for Tunisian 
Tourism Information 

3.1 Framework of Personalized Social Recommender System 

Our primary objective in this study is to apply a personalized recommender system to 
tourism information service. The reason behind this application is to provide tourists 
with better information searching experiences and to improve the individuation of 
tourism information. In a personalized social recommender system, the user connects 
to his/her social network, and then the system extracts the preferences and relations to 
determine the user’s interest as well as his/her friends’. After that, the system gener-
ates specific recommendations by employing a recommendation algorithm which 
leads to the presentation of the results.  

When the user connects to the social network (Facebook), the system collects all 
the data from the user’s profile and extracts his/her interests. Those user interests are 
presented in the form of an ontology. Our social recommender system, however, 
needs the user interest’s ontology to calculate similar items to the user’s preferences. 
These items will be recommended to the user. Figure 1 further illustrates the function-
ing of our framework.    

 

Fig. 1. Framework of social tourism recommender system based on user interest ontology 

Presentation Layer 
The purpose behind a presentation layer is to allow the interaction between the user 
and the system and to present the recommended items to the user. This layer picks the 
user’s profile when the user connects to his/her account, gathers data and displays 
information through websites. It acts as the interface for the user to access the system. 
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By using general websites as interfaces, it enables the user to visit items which are 
recommended to him/her by the system. The presentation layer mainly consists of 
Graphical User Interface and the results of the recommendation system.  

Intelligent Analysis Layer 
Intelligent analysis layer is made up of intelligent analysis module and the social rec-
ommendation system. Intelligent analysis module is composed of two modules of user 
preference capture and friends’ preference capture. User preference is collected from 
user’s profile, and friends’ preference is collected from the user social graph presented 
by Facebook. Before capturing the user preference, we must first analyze the entire 
user profile, the personalized friends’ list; the News Feed; the relations and the “likes” 
of the users and their friends. All these preferences will be represented in a user inter-
est ontology (detailed in the next section). Then the social recommendation system 
generates recommendations with the help of the user interest ontology. By using social 
recommendation algorithm, our system can find similar items to this user’s interest 
ontology in the Tunisian tourism database. Our intelligent recommendation system 
picks out information in agreement with the user’s needs from the Tunisian tourism 
database and produces recommendation set. In this layer, the system can offer a dy-
namic guidance for the user’s choice when he/she desires to travel to Tunisia.  

Data Layer 
Data layer consists of the user interest ontology and the Tunisian tourism database. 
Tunisian tourism database contains information about hotels, restaurants, monuments, 
musses, travels and entertainments. The aim behind these types of information is to 
ensure satisfaction on the users’ part when searching for information about tourism in 
Tunisia. It is the storehouse for operation data. In other words, data layer stores and 
manages data that will be used in our social recommender system. Presentation layer, 
intelligent analysis layer and data layer are interconnected to accomplish the function 
of providing personalized social recommendation to the user. 

3.2 Algorithm of the Social Recommender System 

In this section, we show how the semantic information can be used in the social se-
mantic recommender system. Based on our approach, the semantic information is 
broken down into two major parts: the ontology representation of user interest and the 
semantic similarity between the user interest ontology and the item description in the 
Tunisian tourism database. We, then, present our algorithm of social semantic rec-
ommendation to reduce the list of Tunisian tourism items that will be recommended 
to the user; the most similar items to the user interest ontology will be recommended 
and rated by the user for the purpose of updating our user interest ontology. The rec-
ommendation algorithm is shown in Table 1. We can define the algorithm input as all 
the items in the Tunisian tourism database, and the algorithm output as a list of most 
items similar to the user interest ontology. 
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Table 1. Steps of the recommendation algorithm 

 

Our proposed algorithm uses semantic information described in a user interest on-
tology. This ontology contains social information represented in the social network as 
heuristics integrated in our recommendation algorithm to find out the item most inter-
esting to this user in Tunisian tourism database. When a user has access to the Tunisi-
an Tourism Website and connects with his/her account, the system will automatically 
gather the user information and the friends’ comments and likes to create the user 
interest ontology. After that, the system starts the search for similar items to this on-
tology that represent the preference of the user in our Tunisian tourism database. The 
system will prepare a proposed item list and will sort out items in the list. An item is 
similar to the user interest ontology if it is superior to a prefixed threshold. The top 
ranked items will be, then, recommended to the user. If the user does not like the rec-
ommended item (User Rating < 2), the system will recommend the next item in the 
proposed list and will ask him/her to rate it. Furthermore, if the user likes the recom-
mended item, our system will update the user interest ontology and will search again 
in the database taking into consideration this update.  

4 User Interest Ontology to Personalize Social Recommender 
System 

Our method for extracting user interests consists of several steps. First, we collect user 
data from his/her profile and behaviors in the network. Then, we analyze the user data to 
extract the interests of the user. Finally, we present these data in the form of ontology. 
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4.1 User Data Collection  

The user is identified in a social network by his/her traits and behaviors, and his/her 
interactions with the various system services. In our work, we treat the textual form of 
data, which presents the major form, to identify user interests. In this context, the 
content generated by the user can be regarded as explicit and implicit data. First, the 
explicit data are the data about users which are explicitly declared and which repre-
sent user information and preferences. The user information may be either static or 
dynamic. Static user information are mainly general information such as name, first 
name, sex, date of birth, etc. while dynamic user information relate to marital status, 
level of education, place of residence, occupation, email address, phone number, 
nickname, photo, etc. Then the implicit data are usually discovered through actions 
provided by the user or by its behavior such as comments, quotes “like", publications, 
events, etc. and also deduced from explicit data contained in the ontology. 

4.2 Data Analyzing and User Interest Extraction  

In this step, we analyze the preferences and behaviors of the user (shares, comments, 
events, etc...). Thus, in this phase, we try to filter the raw data and display them in a 
representation in order to further process them. Indeed, these textual data are not 
structured and written in a formal language, which makes their use very difficult in 
their raw state. 

User Preferences Analyzing 
To analyze the preferences of the user, which are presented by a set of XML files 
extracted from the social network. These XML files are obtained with the Facebook 
API Open Graph that gives us the authorization to accede to the user profile. First, we 
begin by removing all empty concepts. Then, we construct a matrix of occurrence that 
can indicate the number of occurrences of each concept.  We afterwards, determine 
the semantic relations between the concepts using "WordNet" which covers most 
common English words, and a base of terms containing the common concepts that do 
not belong to "WordNet". We use a calculating similarity between concepts when the 
concept does not belong to "WordNet" or to the base of terms. 

After extracting the various concepts used by the user, we will try to determine the 
semantic relationships that exist between these concepts. To do this, we use the lan-
guage tool "WordNet" to determine if there are relationships between the concepts of 
the matrix. In many cases, we can find concepts that do not exist in "WordNet". To 
remedy this, we use a base of terms that contains commonly used concepts and acro-
nyms in the tourism domain. When the concept does not exist in the base of terms, we 
use a function that allows the calculation of similarity to check if the concept is simi-
lar to another concept in the matrix or in the base of terms. 

Techniques based on strings are not sufficient when the concepts are semantically 
close and when their names are different. The query language resource such as 
"WordNet" may indicate that the concepts are similar. In our work, we use the pro-
posed function [9] to calculate the linguistic similarity between two concepts. For  
the calculation of this similarity, the Syn (c) function calculates the Synsets of the 
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concept C in “WordNet”. When S = Syn (c1) ∩ Syn(c2) is the set of common sense 
between the to-be-compared c1 and c2.  The cardinality of S is then: 

λ (S) = |Syn(c1) ∩ Syn(c2)|                              (1) 

When min (| Syn (c1) |, | Syn (c2)|) is the minimum between the cardinalities of the 
two sets Syn (c1) and Syn (c2). The similarity between the two concepts is then c1 
and c2 and is defined as follows: 

Sim ling ( c1,c2 ) =  λ (S) /  min(|Syn c( 1 ) |, |Syn c( 2 ) |)           (2) 

This measure returns 1 if at least c1 is the only synonym to c2 and c2 is the only 
synonym to c1. 

User Behavior Analyzing 
The user provides a set of actions that enrich our knowledge about these interests. 
These actions can be comments (on photos, videos, articles, etc.), publications (such 
as photo or video sharing), and events of various interests or “I like” signs on the 
pages or groups. However, we begin by extracting sentences of each document 
(comments, status, etc.). Then, we apply the same method in the user preference anal-
ysis to extract concepts and relations between them. In this step, we use the TF-IDF 
method [10] to measure the weight (density) of each concept in a document. The TF-
IDF algorithm is based on term weighting and has the advantage of being easily used 
with statistics and generic techniques. In our approach, to obtain the interests of the 
user, we remove from the matrix constructed in the previous step the concepts with a 
lower number of occurrences of a predetermined threshold. For this, we only get the 
most interesting concepts for the user. 

4.3 Determination of Trusted Friends List from the User Social Graph  

To determine the list of friends near a user, we begin, first of all, by all the friends 
who have made interactions or shared information with the user in a very specific 
period of time. Thus, interactions are of different types. They can be comments or 
mentions "Like" on objects in the profile (from the user or from friends). Then we 
calculate the number of occurrences of each friend in these interactions. Finally, we 
choose friends who have a number of occurrences beyond a predetermined threshold. 
However, the extraction of the trusted friends list of a user is performed to determine 
the preferences and interests of each friend. Indeed, these interests can be useful to 
know the interests of our user.  

4.4 Concept Weight in the User Interest Ontology  

A key factor in this ontology is the representation of semantic relations obtained in 
the step of determining the types of relationships between concepts. Each concept in 
our ontology has a degree of interest (weight) to express the importance of this con-
cept for the user. This weight is calculated using the number of occurrences and the 
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last occurrence time of the concept. This weight represents the degree of interest of 
the concept to the user.  

5 Conclusion and Future Work 

In this work, we have presented the role of social networks as sources for the devel-
opment of recommendation systems. In addition, we proposed a method that personal-
ized social network-based recommender system with user interest ontology. Finally, 
we integrate the user interest ontology in a social semantic recommender system to 
deal with the lack of semantic information in personalized recommendation system in 
tourism domain. Now, we search to finalize our prototype and make it available 
online to improve the tourism sector in our country and to assist users interested in 
visiting Tunisian places. In our future work, we search to evaluate our system and to 
test the users’ satisfaction towards the recommendations proposed by the system. 
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Abstract. Decisions made by workers in their daily routine have an environ-
mental impact. The LOCAW project has analyzed the drivers and barriers for
an employee to choose a particular option in large organizations. In this project,
Agent-Based Models (ABM) seek to clarify interactions among relevant actors
and provide insights into the necessary conditions to achieve more sustainable
organizations. For theoretical and practical reasons, it was considered to use de-
cision trees to represent the internal behavior of the agents in the model. This
paper focuses on how to improve the generalization capabilities of these deci-
sion trees using feature selection and discretization techniques. The application
of these techniques is intended to obtain simpler decision trees, but more accu-
rate. Experimental results of three daily activities support the adequacy of the
approach presented.

Keywords: Decision trees, feature selection, discretization, agent-based model-
ing.

1 Introduction

In addition to deduction and induction, simulation is sometimes seen as a third methodol-
ogy for doing research. Even though simulation does not prove theorems, it can enhance
our understanding of complex phenomena that have been out of reach for deductive the-
ory [1]. Agent-based modelling and simulation (ABMS) is a relatively new approach
to modelling systems composed of autonomous, interacting agents. Agent-based mod-
elling is a way to model the dynamics of complex systems and complex adaptive systems.
Agent-based models also include models of behaviour (human or otherwise) and are used
to observe the collective effects of agent behaviours and interactions [2].

Using these kind of techniques, the LOCAW project (LOw Carbon At Work,
http://www.locaw-fp7.com) has analysed (un)sustainable behaviour and prac-
tices in the workplace and it has focused on the factors determining these actions in
six large organizations in the public as well as the private sector. The conclusions of
this analysis have then been used as input for the design of agent-based models. The
ABM was addressed by considering two submodels: a) the decision-making model,
responsible for representing the internal behavior of agents, i.e. how they choose an op-
tion in their daily routines, and b) the social network that reflects interactions between

c© Springer International Publishing Switzerland 2015 169
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agents. Two restrictions were considered when designing the decision-making model,
first, it has to be based on actual data and, second, experts in the domain have to be
able to analyze and discuss it. For that reason, decision trees were selected.Then, the
ABM represents the daily routine of employees in an organization, where they have to
choose alternatives to different actions. The decision trees determine the choice of an
agent based on its own internal parameters (gender, position, values, norms...), while
the social network may change some of these internal parameters by influence of other
agents. Notice that an agent’s option affects other agents which in turn influence the
agent itself [3].

According to [4], agents follow simple rules. We, as humans, follow rules, in the form
of norms, conventions, protocols, moral and social habits and heuristics. Although the
individual rules may be quite simple, they can produce global patterns that may not
be at all obvious and can be very difficult to understand. Thus, decision trees derived
from data should not be necessarily complex, as this fact could prevent expert analysis.
Therefore, if the decision-making is based on reduced set of features, it is possible to
execute different simulations to analyze the effects obtained when varying them. As the
main goal of LOCAW project is to reach more sustainable organizations, it is important
to identify those features to promote the adequate interventions in the organization.

In this paper, we focus on how to improve the decision-making process, using de-
cision trees, with good generalization capabilities based on a reduced set of features,
enough to generate variability in the model, but without hindering the work of experts
to analyze them. For achieving this goal, feature selection and discretization techniques
were used before applying a classical decision tree algorithm. The results achieved for
the University of A Coruña (UDC), one of the public organizations studied by LOCAW
consortium, will be presented.

2 Materials: Actual Data from a Questionnaire

Different quantitative and qualitative tools were applied in LOCAW project to obtain
relevant information from the different organizations to model. Among them, a ques-
tionnaire was designed to get actual data from the personnel and with the aim of ex-
amining relationships between individual factors and pro-environmental behaviour at
work. The questionnaire is divided into three parts. First, there are six general ques-
tions about the personal situation of the employees (such as age and gender) and the
extent to wich they believe to have an exemplary role in their organization. This was
followed by the second part comprising 61 questions about motivational factors (i.e.,
values and environmental self-identity). To facilitate the design of the social network
of the agents in the ABM, at the end of this section, a question about the number of
personal relationships was included. Third, participants completed a set of questions
on pro-environmental behaviour at work. In order to fulfil the objectives of LOCAW
project, the questions in this section were focused on three main categories of practices:

• Organization-related mobility
• Energy and materials consumption
• Management and generation of waste.
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The questionnaire could be anonymously fulfilled by employees using a web plat-
form. However, the number of respondents, as expected, was very low. In fact, for the
University of A Coruña, an organization with more than 2000 employees, around 300
responses were obtained, many of them partially fulfilled, so they have to be discarded.
After analyzing all of them, only 197 were retained. Despite this low level of partic-
ipation, it was the organization with the highest number of responses among the six
organizations included in LOCAW and, thus, selected for this study.

3 Obtaining Decision Trees with Good Generalization Capabilities

As mentioned in the introduction, the decision-making process has to be both data-
driven and theoretically-consistent. For that reason, decision trees were elected to de-
termine each of around 40 different work behaviours. For the sake of brevity, we will
focus on three of them, one for each topic covered by LOCAW project:

1. Mobility: When you commute, how often do you commute by car?
2. Energy: How often do you have the lights on at your workspace when there is no

one in there?
3. Management of waste: How often do you separate your plastic from the regular

garbage at work?

A decision tree has been generated for each one of these behaviours taking as inputs
the multivalued answers to the first two parts of the questionnaire (gender, values, etc.).
Each desired output has 7 possible values because they are items from a Likert-scale
(range from 1−Never to 7−Always). Our first attempt was to apply the well-known
C4.5 algorithm [5] over the available data (197 samples) that were randomly split into
training set and test set (2/3-1/3). Although the accuracy results were very good for the
training set, they turned to obtain very poor performance results in the test set with ac-
curacy values under 40%. These results clearly showed that the trees are overfitted, i.e,
with poor generalization capabilities, although pruning techniques were used. More-
over, a look at the decision trees generated indicates that they are not using all available
inputs (68), but a rather smaller number (around 20−24, depending on the behaviour).
Despite this feature selection inherently done by the C4.5 algorithm, the complexity
of the decision trees is still high with more than 30 leaves in some cases. Therefore,
we decide on using feature selection techniques to reduce the input dimensionality and,
consequently, the complexity of the trees, improving their generalization capabilities. It
was also noted that not all possible outcomes were covered by the available sample. For
example, in the plastic separation behaviour most of the answers are at the ends (1 or
7), but there is almost no representation of the intermediate points (3−4). For that rea-
son, a discretization step was also considered of interest. Both preprocessing methods,
discretization and feature selection, are briefly described in the following subsections.
All of them were applied using Weka tool [6].

3.1 Feature Selection

Feature selection (FS) is the process of detecting the relevant features and discarding
the irrelevant ones for a given data set. A correct selection of the features can lead to
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an improvement of the inductive learner, either in terms of learning speed, generaliza-
tion capacity or simplicity of the induced model [7]. Feature selection methods can
be divided into three models: filters, embedded and wrapper methods, depending on
the degree of dependence with the subsequent classifier, so filters are completely in-
dependent, whereas wrappers use the classifier performance to select the features. As
the number of feature selection methods is constantly growing, we opted for classical
methods covering the three existing types. Then, Correlation-based Feature Selection
(CFS) was selected as filter [8] whereas Support Vector Machine-Recursive Feature
Elimination (SVM-RFE) as embedded [9]. In the wrapper approach, the feature selec-
tion algorithm conducts a search for a good subset of features using the classifier itself
as part of the evaluation function. Then, it depends on both the classifier and the search
strategy. It is expected to obtain better results when the same classifier is used in the
selection and in the subsequent classification. For that reason, C4.5 was used as induc-
tion algorithm. However, to test this issue and for the sake of completeness, the naive-
Bayes (NB) classifier was also considered. Regarding the search strategy, two opposing
alternatives were chosen: backward and forward selection. Then, four different wrap-
pers were tested: C4.5-BACK, C4.5-FOR, NB-BACK and NB-FOR. In summary, six
different methods are tested, all of them based on different metrics. Thus, completely
different subset of features may be obtained [7].

It should be noted that all these methods return a subset of features except SVM-RFE
which returns a ranking of features. Therefore, a threshold is needed, in this case two
values were chosen: 20 and 30 top features in the ranking (SVM-RFE20 and SVM-
RFE30), values close to those used by C4.5 algorithm when applied alone. It is impor-
tant to remark that other well-known FS methods were used (INTERACT, Information
Gain or Consistency ), however, the small number of features returned (even 0), forced
us to discard them.

3.2 Discretization

The studied behaviors have 7 possible output values in a Linkert scale, as detailed
above. However, since the number of samples is reduced, not all of them are repre-
sented. Therefore, the desired output was discretized. As the attribute to be discretized
is the class itself, the algorithm must be unsupervised. Then, a binning technique was
used which is the simplest method to discretize a continuous-valued attribute by cre-
ating a specified number of bins. The bins can be created by equal-width (EWD) and
equal-frequency (EFD) [10]. In equal-width, the continuous range of a feature is evenly
divided into intervals that have an equal-width and each interval represents a bin. In
equal-frequency, an equal number of continuous values are placed in each bin. The two
methods are very simple but are sensitive to the number of bins, therefore, two differ-
ent number of bins were tested, maintaining the symmetry of the Likert scale (5 and
3). Proportional k-interval discretization [11], a well-known and used method, was also
applied. However, this method automatically determines the number of bins and it re-
turned 7 bins for each behavior evaluated, thus preventing its use in our problem, as the
effect pursued is not achieved.
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4 Experimental Results

Our aim is to be able to obtain decision trees that exhibit good generalization results.
To achieve this, the procedure was carried out as follows:

1. A method of feature selection was applied on the complete data set.
2. The output class is discretized by binning, testing 3 and 5 bins.
3. The data set is randomly split (2/3 for training and 1/3 for testing).
4. The decision tree is built by applying the C4.5 algorithm to the training set.
5. This learnt tree is later applied to the test set to obtain the accuracy.

As the evaluation may depend heavily on which data points end up in the training set
and which end up in the test set, the procedure (from step 3 to 5) was repeated 5 times
to obtain more reliable results. These mean results are shown in tables 1-3, for mobility,
energy and waste related behaviours, respectively. The results obtained by applying
only one or none of the two preprocessing steps are also shown in the tables denoted as
no discretization (No-Disc) or no feature selection (No-FS).

As stated at section 3, the data set is clearly unbalanced. The considered behaviours
denote that most of the university employees commute by car (70,6%) and the same
proportion of employees turn the lights off when going home. Related to plastic sepa-
ration, two opposite options are usually elected, 32,49% of employees never separate
plastic and 25,38% always do it. Then, for the first two behaviours (mobility and en-
ergy) is possible to achieve a good level of accuracy without any classification. This was
the case for most of the decision trees with lower number of pre-selected features (CFS,
NB-FOR, and C4.5-FOR rows in tables 1-2) where all instances are allocated to the ma-
jority class. Regarding the same rows in table 3, the trees generated distinguish between
the two extreme outputs (1 or 7), however, they are based on very few features. None
of these results are useful for the purpose of designing the agents in the model. Then,
to provide relevant results, we have focused on those that may have lower accuracy,
but do distinguish several classes and therefore, they allow for introducing variability
in the model (i.e., rows NB-Back, C4.5-Back and both alternatives of SVM-RFE). In
all these rows and No-FS row, it can be considered that EWD with 3 bins exhibit very
good performance result (best mean results in 10 of 12). Therefore, to summarize, Table
4 presents relevant information about the decision tree that achieves the best accuracy
(from the set of 5 run) for each combination with EWD bining in 3 intervals. These
experimental results clearly show that the methods employed improve accuracy in the
test set, while reducing the complexity of the decision tree. Note that to overcome the
unbalanced problem, the Synthetic Minority Over-sampling Technique (SMOTE) [12]
was applied to increase the number of samples of the minority class, however, being a
multiclass problem, the experimental results do not improve those in Table 4.
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Table 1. C4.5 Mean Accuracy Results for Mobility related Behavior. Number of features selected
by each FS method in parenthesis.

FS Method Acc
Discretization Method

No-Disc
5 bins 3 bins

EWD EFD EWD EFD

No-FS (68)
Train 87,33 91,71 93,58 93,74 94,68
Test 36,76 55,15 45,81 55,15 49,19

CFS (8)
Train 60,73 71,37 60,73 71,37 63,23
Test 64,51 74,49 64,51 74,49 61,39

NB-BACK (32)
Train 84,82 87,49 91,40 87,33 94,68
Test 44,84 60,16 42,68 62,62 49,81

NB-FOR (1)
Train 60,73 71,37 60,73 71,37 61,98
Test 64,51 74,49 64,51 74,49 58,89

C4.5-BACK(46)
Train 84,82 89,05 91,87 91,55 95,15
Test 40,19 54,20 43,61 57,96 48,57

C4.5-FOR(4)
Train 60,73 71,37 63,85 71,37 61,98
Test 64,51 74,49 60,76 74,49 58,89

SVM-RFE(20)
Train 77,31 76,39 87,33 85,43 91,25
Test 48,60 69,21 47,68 60,11 51,42

SVM-RFE(30)
Train 76,85 83,72 89,98 89,36 92,65
Test 48,32 62,01 43,94 53,27 53,91

Table 2. C4.5 Mean Accuracy Results for Energy related Behavior. Number of features selected
by each FS method in parenthesis.

FS Method Acc
Discretization Method

No-Disc
5 bins 3 bins

EWD EFD EWD EFD

No-FS (68)
Train 85,87 91,23 89,59 95,30 93,67
Test 34,79 59,41 39,09 73,50 42,89

CFS (10)
Train 57,39 75,94 58,38 85,53 61,11
Test 50,01 73,57 50,92 85,17 48,05

NB-BACK(44)
Train 88,29 90,42 87,81 91,85 93,82
Test 39,71 62,23 41,31 75,09 44,22

NB-FOR(1)
Train 84,07 87,82 88,13 91,73 91,23
Test 51,92 73,57 51,92 85,17 51,92

C4.5-BACK(49)
Train 55,12 75,94 55,12 85,53 55,12
Test 41,35 63,61 39,76 78,79 45,11

C4.5-FOR(6)
Train 56,25 75,94 58,21 85,53 58,53
Test 52,24 73,57 53,54 85,17 52,26

SVM-RFE(20)
Train 82,60 78,04 86,01 86,02 86,03
Test 39,70 71,27 37,09 85,17 40,63

SVM-RFE(30)
Train 85,86 85,48 88,62 91,68 91,23
Test 36,42 64,10 33,64 80,95 41,33
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Table 3. C4.5 Mean Accuracy Results for Waste treatment related Behavior. Number of features
selected by each FS method in parenthesis.

FS Method Acc
Discretization Method

No-Disc
5 bins 3 bins

EWD EFD EWD EFD

No-FS (68)
Train 86,17 87,46 88,15 94,56 90,76
Test 22,40 35,64 31,53 40,38 39,21

CFS (8)
Train 37,09 45,97 37,09 49,61 42,01
Test 34,84 47,18 34,84 49,44 47,09

NB-BACK(27)
Train 84,52 86,97 82,88 91,62 91,11
Test 27,62 44,51 27,92 42,86 38,56

NB-FOR (2)
Train 44,98 55,18 45,96 59,14 55,83
Test 40,94 54,23 39,63 55,20 43,47

C4.5-BACK (53)
Train 84,66 87,32 88,64 92,92 91,75
Test 25,92 36,42 27,65 44,85 37,97

C4.5-FOR (2)
Train 46,80 55,20 46,95 59,80 53,55
Test 42,23 55,54 42,89 58,13 44,77

SVM-RFE (20)
Train 80,72 83,22 82,85 88,16 87,49
Test 25,67 33,83 27,58 42,20 38,06

SVM-RFE (30)
Train 84,00 85,32 84,34 90,28 89,47
Test 25,12 34,73 30,80 41,57 39,35

Table 4. Number of leaves (Lv), features (Fs) and tree size, i.e. number of branches, for the
decision tree with the best test accuracy (TsAcc) for each behavior and combination of adequate
FS method and EWD-3bins

Method
Mobility Energy Waste

Lv Fs Size TsAcc Lv Fs Size TsAcc Lv Fs Size TsAcc
NO-FS-No-Disc 27 25 53 45,31 23 19 45 40,62 31 23 61 29,03
NO-FS-EWD3 21 17 41 65,62 12 8 23 81,25 23 19 45 49,18

NB-Back-EWD3 5 3 9 68,75 11 10 21 78,69 27 19 53 46,77
C4.5-Back-EWD3 20 16 39 62,50 4 3 7 80,65 25 16 49 50,82
SVM-RFE-EWD3 20 10 39 64,06 10 8 19 83,60 23 14 45 51,67

5 Conclusions

The LOCAW project has investigated sustainable behaviours at the workplace by using,
among other techniques, ABM. Decision trees were employed to design the internal be-
havior of these agents with a dual purpose: to be based on actual data and to be reviewed
by experts in the domain. In this paper, discretizacion and feature selection techniques
are applied before training the decision trees with the aim of obtaining simpler deci-
sion trees, i.e., easier to analyze, but with better generalization capabilities. Experi-
mental results for three different work-related practices denoted that there is always a
combination of discretization and feature selection methods that significantly improves
the accuracy compared to not using these methods, besides obtaining a much simpler
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decision tree. As future work, trying to overcome the unbalanced situation, it is pro-
posed to reduce these problems of multiclass classification to multiple binary classifi-
cation problems using different strategies.
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Abstract. What would induce householders to recycle their waste in a practicable 
way? This paper investigates the determinants of recycling behavior through the 
development of an Agent-Based Model (ABM) simulation. Specifically, this 
contribution examines the effectiveness of a simulation based on different 
recycling behaviors to better understand the phenomenon. The perspective used 
takes into consideration the recycling attitude and the sensitivity to social norms 
based on the Theory of Planned Behavior (TPB) to predict recycling outcomes. As 
a whole, this paper highlights the dominance of dynamics and interacting aspects 
of waste management for the formulation of effective recycling public policies 
based on behavioral aspects. In addition, it illustrates how it is possible to use such 
empirical models as the Structural Equation Models (SEM) as a starting point for 
developing ABM simulations that are closer to both theory and reality. 

Keywords: Waste management, Theory of Planned Behavior, Structural Equation 
Models, Agent-Based Model. 

1 Introduction 

Environmental protection ranks very high in the global agenda. The waste management 
sector is expected to achieve significant results in the near future with a significant 
reduction of the adverse effects of waste on the environment. However, the increasing 
complexity of the current waste management systems coupled with the demanding 
environmental protection targets makes the optimization of the waste management 
strategies and policies challenging. For this reason, waste prevention is the most 
desirable option, followed by the preparation of waste for reuse, recycling, upcycling 
and other recovery, with disposal (such as landfill) as the last resort. Low household 
participation is the key factor complicating the waste recycling scenario in most 
countries today.  

                                                           
* The first two authors contributed equally to the manuscript. 
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Given these reasons, an arising question is what would induce households to 
recycle their waste in a practicable way. One of the possible answers lies in a simple 
psychological phenomenon that is widely known but poorly understood: people’s 
behavior is largely shaped by the behavior of those around them. In psychology, this 
phenomenon takes the name of social norms. Social norms are in fact one of the most 
powerful customary rules that govern behavior in groups and societies. 

Research shows that social norms are most compelling when people are shown 
evidence that the behavior they are being encouraged to adopt is already practiced by 
people similar to them (see the Social Comparison Theory) (Festinger, 1954). Social 
norms work primarily at a subconscious level. This means, for example, that people 
responding to a marketing campaign are mostly oblivious to what drove their 
behavioral change. Traditional forms of market research, such as focus groups and 
surveys, are of limited use in a social norm campaign. When people are polled, they 
typically underestimate the effects of the campaign, because they are not usually 
aware that it had an effect on them. It has been demonstrated, for example, that the 
activation of a descriptive social norm encourages prosocial behaviors in citizens 
(Cialdini, Reno, & Kallgren, 1990). An issue that has received very little attention by 
literature deals with the question of what is the most effective way to activate policy 
strategies in order to produce behavioral change. Therefore, to simulate possible 
scenarios for policy strategies, we created an Agent-Based Model ABM) that 
represents a virtual society. 

2 The Theory of Planned Behavior and the Recycling Issue 

Cognitive psychological modeling can provide the means by which it becomes 
possible to identify the driving forces behind the recycling behavior and to determine 
the most likely success factors for public policies. Literature indicates that 
environmental attitudes and situational and psychological variables are likely to be 
important predictors of the recycling behavior. Further, the Theory of Planned 
Behavior (TPB; (Ajzen, 1991) provides a theoretical and cognitive framework to 
understand and explain the influence of these factors. 

The TPB was developed from the previous Theory of Reasoned Action (Fishbein, 
Ajzen, 1981) and assumes that people have a rational basis for their behavior in that 
they consider the implications of their actions. According to the TPB, intentions to 
engage in recycling behavior are derived from three main factors: 1. subjective norms, 
2. attitudes and 3. perceived control.  

The concept of subjective norms refers to the individual’s belief that people 
important to the decision maker see their behavior as the appropriate way to act. Aceti 
(2002) argues that people are motivated to recycle by the actual pressure they receive 
from family and friends to do so. Furthermore, simply knowing that family, friends 
and neighbors participate in recycling activities increases the likelihood of 
participation. In this spirit, Stern, Dietz and Kalof (1995) stressed the importance of 
considering the social structure within which individuals are embedded, based on the 
belief that social structures shape individuals’ experiences and ultimately their 
personal values, beliefs and behaviors. Following Trafimov and Finlay (1996), it may 
be suggested that subjective norms are relevant only for participants with higher 



 A Simulation of Householders’ Recycling Attitudes Based on the TPB 179 

accessibility of collective self. However, according to Cialdini’s Theory of Normative 
Behavior (Cialdini et al., 1990), it may be suggested that the actual impact of 
subjective social norms is underestimated when it is measured by means of 
anonymous questionnaires completed in private settings (Stiff & Mongeau, 1994). In 
fact, Cialdini et al. (1990) showed that, in experimental settings, where an injunctive 
antilittering norm was made salient, participants’ littering behavior was significantly 
reduced. Following Cialdini and Trost (1998) suggestions, institutions wanting “to 
activate socially beneficial behavior should use procedures that activate injunctive 
social norms, since these norms appeared to be more general and more cross-
situational effective” (Mannetti, Pierro, & Livi, 2004). 

The concept of attitudes refers to the individual’s evaluation of the action. Boldero 
(1995) found that intentions to recycle newspapers directly predicted actual recycling 
and that attitudes toward recycling predicted the recycling intentions. Davies, Foxall, 
and Pallister (2002) argue that recycling attitudes should be separated into two 
components: 1. affective, representing feelings about recycling; 2. cognitive, 
representing knowledge of outcomes and consequences of performing behaviors 
(Tonglet, Phillips, & Read, 2004). 

The concepts of perceived control and moral obligation refer to the individual’s 
perception of their ability to perform behaviors. Taylor and Todd (1995) found that 
both attitudes toward recycling and perceived behavioral control were positively 
related to individuals’ recycling and composting intentions. According to the TBP, 
perceived behavior control will influence actual behavior only if the behavior is not 
completely under the person’s volitional control. 

3 A Method for Modelling: Connecting Theories and Models 

Agent simulations range from highly structured artificial worlds with few simple rules 
and constraints (Kohler & Gummerman, 2001) to more complex models in which 
agent interactions constrain subsequent iterations of the simulation (Sawyer, 2001) 
and/or multiple structural layers are considered (Stinchcombe, 2001). It is well known 
that the development of these algorithms is the most fragile aspect of the simulation 
analysis. In the specific case of this paper, in order to design social networks the 
crucial preference is the identification of an amount of the agent’s attributes that are 
significant for recycling behavior. They span from basic demographic attributes (i.e., 
age, education and income), to more specific features (i.e., environmental sensitivity, 
self-confidence and sense of social belonging) (Ceschi, Rubaltelli, & Sartori, 2014). 

These attributes have the greatest impact and therefore it is important to consider 
them for the aims of the analysis. For this reason, it is recommended to start from 
some empirical models, such as Structural Equation Models (SEM), which are 
widespread in social and psychological science and used to represent human 
behaviors. They consist of equations that link latent variables and their indicators by 
using exogenous causes. A remarkable benefit of this framework is that correlations 
of observed indicators are clearly made as arising out of subjacent factors that are 
accountable for the results (Krishnakumar & Ballon, 2008). That is, SEMs are able to 
reveal and to quantify the relationship between a behavioral expression and its 
underlying psychological construct. Apart from this, results from SEM are usually not 
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linked to individual differences. This is a limit of this quantitative method. 
Essentially, individual differences are characterized as a set that makes individuals 
particular, according to their inclinations, capabilities and outcomes. Starting from 
here, ABM can help to dynamically represent, in a natural way, several scales of 
analysis and the importance of structures at different levels, none of which is easy to 
accomplish with other modeling techniques (Gilbert & Terna, 2000).  

In the current paper, the aim of the analysis is to present a model able to simulate a 
number of characteristics that have been scaled from the original work of Chu and 
Chiu (2003), modeled and assigned with probability distributions to simulate the 
recycling behavior. Usually, the purpose of this stochastic effort is to endow agents 
with a ‘personality’. Contemplating the possibility of fuzzy logic implies greater 
simulation realism as different agents act differently in the same situation. Agents 
with personality lead to the modeling of more complex interactions where, for 
example, hypotheses may be tested more effectively by considering teams of agents 
with different personalities rather than single agents (Garson, 2009). 

4 The Planned Recycling Agent Behavior Model 

Our analysis is based on a simulation model of the Planned Recycling agent Behavior 
(PRB_1.0)1 that produces virtual neighborhoods with different agent types, waste 
generation and collection processes (Fig. 1). The scaling of the agents’ features is 
based on coefficients relating to the TPB and taken from a SEM on motivations to 
recycling behavior developed by Chu and Chiu (2003). The application of scaling 
allows us to accelerate the simulations lowering hardware requirements to run the 
simulation, leaving untouched the original ratio between agents’ variables. The SEM 
shows four crucial coefficients defining the recycling behavior: the environment 
attitudes (ea), the subjective social norms (ssn), the perceived behavioral control and 
the moral obligation constructs. In the model, the last two factors compose a one-of-a-
kind factor: the b&m. The SEM values of the constructs described are set by Bayesian 
computation, and utilized in the simulation as probabilistic variables. To recreate the 
city, the algorithm of the simulation consists of an open source code and it is based on 
three types of agents (see Fig. 1): 

The neighborhood agent – All neighborhood agents generate recycled rubbish (Rre) 
and not recycled trash (R). This is based on the probabilities of psychological constructs 
and other agent habits. Neighborhood agents recycle if they possess high levels of 
environment attitudes (ea) and high subjective social norms (ssn). This link is not 
mediated by other aspects (Fig. 2). Probabilities of these psychological constructs are 
normally allocated among agents. A neighborhood agent can furthermore recycle if 
behaviorally influenced (BI) by other agents or by the environment. 

As for ea and ssn, the coefficient of being behavioral affected is extracted from 
Chu and Chiu (2003) model and it consists of a unique coefficient composed of the 
perceived behavioral control and the moral obligation (b&m) constructs. 

 

                                                           
1 The full model, code and documentation is available via the www.openabm.org website. 
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Fig. 1. Example of the PRB_1.0 simulation. The simulation presents three different types of agents: 
1. Neighborhood agents: they turn their color from yellow to red color when R level reach the 
critical level of R, the orange color of agents represents a state of agents close to the critical level, 2. 
Garbage transportation system represented as rectangles in the model, 3. Landfills: the green 
rectangle and grey rectangle represent the recycling and non–recycling landfills. 

 

Fig. 2. Schema of reasoning of PRB_1.0 agents 

When an agent is BI, it randomly detects a neighbor agent close to its radius and is 
more available to generate Rre than R if the neighbor watched is recycling. On the 
contrary, an agent will be more disposed to generate R if neighbors are not recycling. 

We define “peer influence” in recycling (pir) the predisposition of an agent to be 
motivated by others. The inclination to recycle over time is calculated by a decay (and 
an inverse decay) function formulated starting from the conceptual model of 
motivation and satisfaction of needs over time (Jager & Janssen, 2012) based on the 
characteristics of human sensitivity. Additionally, the environment influences the 
recycling behavior (through pir). Through the observation, agents also examine the R 



182 A. Ceschi et al. 

level of others. If R of the observed is higher than the critical level, the agent ends 
recycling. We called this effect “surrounding influence in recycling” (sir). It is 
calculated by using another decay function over time, which relies on the volume of R 
present in the neighbor watched. The sum of pir and sir sets the probability for an 
agent to recycle when it is in the BI state.  

The garbage transportation system – The model involves a transportation system, 
which takes away garbage from neighborhood agents and moves it to the collecting 
points. The pathways adopted by pick-up trucks are optimized considering distance 
and time. Pick-up trucks get to the closest neighborhood agents to collect R and Rre. 
After a specific amount of R or Rre collected, garbage trucks move to the closest 
landfill. 

The landfills – There are two types of collecting points in the simulation: one for 
unseparated garbage R, the other one for recycled garbage Rre. The landfill removes 
the garbage carried by pick-up trucks over time. 

5 Results and Conclusions 

Preliminary results of the model are available on www.openabm.com. They show 
stability and reliability in relation to the outcomes of the simulation. The visual 
impact created a virtuous circle where household motivation to recycle is reinforced. 
This circle expresses the consequences of descriptive social norms. On the contrary, 
the failure in recycling when the environment is full of rubbish contaminates the 
neighbors' behavior (Fig. 3). Literature about social norms and littering agrees that in 
a ‘dirty’ environment individuals are inclined to litter more than those subjected to a 
‘clean’ environment (e.g., Cialdini et al., 1990), mainly because of the peer influence, 
due to the fact that agents continuously observe and mimic each other’s behavior. 
Similarly, the surrounding has its own effect because the amount of garbage present 
in the system drives the trend away from its stable level.  

Agent-based models can simulate the efficacy of different recycling campaigns 
under equal conditions and, at a subsequently stage, allow the simulation of specific 
policies under different conditions. Moreover, agent-based models are mostly 
structured on algorithms that illustrate the behaviors of agents, identify their causal 
effects and specify critical parameter estimates. Therefore, stochastic simulation, 
while retaining its versatility, is also time-effective and cost-effective. It is important 
to state that the agent behavior is stochastic. As we suggested, factors of SEM can be 
implemented based on ABMs, in contrast to equations of aggregation. Furthermore, 
the ABM approach for modeling is versatile, in particular in relation to spatial 
simulations in mobility models that are agent-based. An agent-based model is usually 
characterized within a given organization or environment. Through this simulation, 
researchers can identify causal effects, specify critical parameters, and clarify how 
recycling processes evolve over time, in order to propose policies that are more 
effective. 
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Fig. 3. A figure from the ABM based on the PRB_1.0 with higher R levels than Fig. 1. 
Neighborhood agents turn color because of the R level. When R is equal to the critical level 
they turn red, orange if they are close to the critical level, yellow is the R situation is stable. 
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Abstract. The paper is focused on the application of ABM to simulate
the evolution of the agricultural system of the Grand Duchy of Luxem-
bourg under the external shock of fostering the production of maize to be
used for bio-methane generation. The modeling exercise is part of a larger
scale effort, which aims at the evaluation of the potential environmental
impacts arising from policy implementation, following the methodology
known as Consequential Life Cycle Assessment (CLCA). The applica-
tion of ABM brings from one side an additional level of complexity to
the assessment, but it also allows a finer scale bottom-up modeling, al-
lowing the simulation of aspects (such as behavioral components in farm-
ers’ choices or adaptive social processes such as imitation) that was not
possible to grasp from other (e.g. purely economically oriented) mod-
eling perspectives. The ABM model implemented has as many agents
as the inventoried farmers in Luxembourg are. Although the paper only
presents preliminary results, it already allows exploring the influence of
farmers’ environmental awareness on the environmental impacts linked
to farming activities. This is possible thanks to the attribution to the
agents’ profiles of one specific feature which simulates their “green con-
sciousness level”.

1 Introduction

Life cycle assessment (LCA) is a standardized methodology used to quantify
the environmental impacts of products across their whole life cycle [8] which is
nowadays recognized worldwide, although with some persisting limitations and
certain barriers, as witnessed by the survey of [3]. It has been used at the fine
grain level (at the product level) or at a more global level (policy).

In this latter case (policy evaluation) a more pertinent methodology that
has nowadays gained recognition is the so-called Consequential LCA (CLCA).
CLCA aims at evaluating the direct and indirect environmental consequences of
a strategic decision taken in a moment t0, which can be in the past, present or
future. For example, in the specific case of agro-systems, the land use changes
and related consequences following a bio-energy policy. The ultimate aim of
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the study is then evaluating the difference (delta) in terms of environmental
inventory (and related impacts) between the two time marks set for the simu-
lation (t0 and t0+n). In the specific case of agro-systems, economic modeling
approaches, assuming supply-demand equilibrium, are increasingly applied to
derive the linkages between agricultural operations and economic market, and
their consequences in terms of environmental damage costs and social costs.
However, behavioral criteria and adaptive social processes (e.g. imitation) are
not taken into account in top down economic models and basing the modeling
exercise exclusively on economic criteria is likely to turn out inappropriate to
forecast structural changes, simply because economic decisions are never purely
rational.

The MUSA (MUlti agent Simulation for consequential LCA of Agro-systems)
project http://musa.tudor.lu, aims to simulate the future possible evolution
of the Luxembourgish farming system, accounting for more factors than just the
economy oriented drivers in farmers decision making processes. We are inter-
ested in the behavioral aspects of the agricultural systems, including the green
consciousness of the farmers. The challenges facing the farming system are mani-
fold. Dairy and meat production have been the financial mainstay of the national
agricultural landscape with production of cereals and other crops as a support
to the husbandry. This sector is fraught with multiple rules and regulations in-
cluding restrictions on milk production via quotas as dictated by the Common
Agricultural Policy of the EU. There is also a complex set of subsidies in place
to enable the farmers to be more competitive. The quotas are set to disappear
adding to increased pressure on the bottom line for dairy farmers. Just as a
chain is as strong as its weakest link any model is as robust as its weakest as-
sumption. Model building is a complex exercise but modelling behaviour is far
more complex. Statistical and optimization models fail to account for vagaries of
human behaviour and have limited granularity. Preceeding the MUSA project,
in [11] we have built a partial equilibrium model for Luxembourg to conduct
a consequential LCA of maize production for energy purposes (dealing with an
estimated additional production of 80,000 t of maize) using non-linear program-
ming (NLP) and positive mathematical programming (PMP) approaches. PMP
methodology [7] has been the mainstay of modelling methodology for agriculture
models relating to cropping patterns based on economic fundamentals. This ap-
proach converts a traditional linear programming (LP) into a NLP problem by
formulating the objective function as a non-linear cost function to be minimised.
The objective function parameters are calibrated to replicate the base case crop
outputs. This approach is useful as a macro level such as countries or regions
where one observes the entire gamut of crops planted at a regional level. To
increase the granularity to investigate the impacts of policy on size of farms is
still possible provided each class of farms based on size exhibits plantation of all
crops in the system. When the granularity increases to the farm level, the crop
rotation takes priority for the farmer and then one observes only a subset of the
entire list of crops in the system. It is at this level that the PMP approach fails
as the objective function is calibrated to the crops observed at a specific point

http://musa.tudor.lu
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in time. This limitation is overcome by the agent based model (ABM) approach.
To investigate the possible set of outcomes due to human responses to financial
and natural challenges, ABM are a formal mechanism to validate the range of
outcomes due to behavioural differences.

LCA can produce as outputs different levels of environmental assesments. The
levels are termed mid-point and end-point in the LCA jargon. They correspond
respectively to assessments given at a semi-aggregated and aggregated level. An
example result from an LCA assessment is the now famous “Carbon Footprint”.

We consider that LCA assessments is a valuable tool to inform farmers on the
potential (in the LCA terms) impact of their activities. Starting from this, we
focus on the question of modelling the inclusion of LCA results in the behaviour
of farmers in ABM model.

In the work we report here, we investigate how to introduce the results of LCA
into agent-based models to simulate the evolution of an agricultural system. The
main question remains how to use the specific results of an initial LCA within
the decision process of farmers. For our work, we shall use our own initial agent-
based model that will allow agents to perceive the results of an LCA (for the
full agricultural system) and use them in the farm planning.

In section 2 we present a brief tour of different agent-based models dealing with
agricultural systems as well as LCA research done using agent-based models.
Then, in section 3 we describe our model as well as our proposition to link it
with LCA. We present the initial results of the simulations in section 5 and
present our conclusions in section 6.

2 Literature Survey

[5] use an ABM called AgriPoliS, for simulation of agricultural policies. The focus
is on simulating the behaviour of farms by combining traditional optimization
models in farm economics with agent based approach for the region of Hohenlohe
in southwest Germany. The paper classifies farms into size classes and assumes
all farms in a specific class size to have the same area. The variation in the farms
is on account of individual asset differences (both financial and physical). Farms
are classified only as grasslands or arable lands with no further classification by
crops or rotation schemes. [1] is another application on the lines of [5] with an
integration of farm based linear programming models under a cellular automata
framework, applied to Chile. The model explicitly covers the spatial dimension
and its links to hydrology with a policy issue of investigating the potential ben-
efits of joining the Mercosur agreement. [10] is an application of agent based
modelling framework to assess the socio-ecological impacts of land-use policy
in the Hong Ha watershed in Vietnam. The model uses in addition to farms
as agents, the landscape agents that encapsulate the land characteristics. Ad-
ditional sub models deal with farmland choice, forest choice, agricultural yield
dynamics, forest yield dynamics, agent categorizer that classifies the households
into a group and natural transition to enable transformation between vegeta-
tion types. [2] is a similar study to simulate structural and land use changes
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in the Argentinian pampas. The model is driven by agent behaviour that aims
to match the aspiration level of the farmer to the wealth level. The farmer will
change behaviour until the two are close. In addition to 6 equal sized plots in
the farm, the farmer has a choice of planting 2 varieties of wheat, maize and
soyabean. The model studies the potential penetration of a particular crop and
find that soyabean is being cultivated on a much larger scale.

Despite most of the previously cited related works include a high number of
economical aspects in their models, they lack the inclusion of aspects related to
green consumption and production.

3 Data and Model Structure

In the model, the farmers are represented via entities called “agents” who take
decisions based on their individual profiles and on a set of decision (behavioural)
rules defined by the researchers on the basis of the observation of real world (e.g.
the results of the questionnaire) and on the interactions with other entities. The
model currently includes one reactive rule regarding the change of crops planted
at the farm.

Luxembourg provides statistics about the economy of the agricultural sector
through STATEC [13] and Service d’Economie Rural [12]. The statistics deal
with the area under crops over time, farm sizes and types of farms by output
classification, use of fertilizers, number of animals by type (bovines, pigs, poultry,
horses) and use (meat, milk). The latest year for which one obtains a consistent
data set across all the model variables was 20091. In 2009 there were 2242 farms
with an area of 130,762 ha under cultivation that included vineyards and fruit
trees and pastures amongst other cereal and leaf crops.

Table 1 shows the distribution of farm area by size of farms in Luxembourg
for the year 2009. We also know the total area of crops planted under each farm
type. Figure 1 shows the initial proportions of each crop present in 2009. From
[9] we know the different rotation schemes for crops. Rotation schemes are used
by farmers to maintain the health of the soil and rotate cereals and leaves on
the same field in a specified manner. We randomly assign a rotation scheme to
each farm and then randomly choose a crop from cereals or leaves. As to crops
that are neither cereals nor leaves, they are a permanent cultivation such as
vineyards, fruits, meadows or pastures. Once the random allocation of crops has
been made to the farms, we scale the areas so as to match the total area for the
crop under a specific farm type.

3.1 Model Structure

The model is intended to be used as part of a LCA. The LCA measures the
(environmental) consequences (at a global scale and in a life cycle perspective)
of different decisions made by farmers in Luxemburg. The model answers to the

1 The details of the data are available in [11].
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Table 1. Distribution of Farms by Size (ha) in Luxembourg in 2009

Farm Class A B C D E F G H I
TOTAL < 2 2-4.9 5-9.9 10-19.9 20-29.9 30-49.9 50-60.9 70-99.9 100+

Number 2242 230 165 217 186 116 246 263 398 421
Area (ha) 130762 131 598 1533 2667 2890 9956 15743 33583 63661
Average size 58.32 0.57 3.62 7.06 14.34 24.91 40.47 59.86 84.38 151.21

Fig. 1. Initial proportions of crops planted in 2009

question: “What are the (number of) products (crops and animals) being pro-
duced in Luxembourgish farms, at a given time?”. More specifically, we would
like to answer this question under the condition that a certain policy-driven sce-
nario is put in place. In order to do so, the model provides as output the changes
(in terms of hectares of land planted with each crop) in the land use occurring as
a consequence of the exogenously imposed change (for example the decision to
reach an additional production of 80,000 t of maize). In a future enhanced ver-
sion of the model, it will also be able to provide the changes in terms of cattle
heads, milk and meat production. Once these changes are computed, they are
used as inputs for the LCA calculations. The answers to this question can then
be used to perform an environmental assessment taking into consideration the
changes over time of the products of each farm.

The ABM represents the agricultural system of Luxembourg, it is built around
the activity of farmers in the country and includes the following entities.

Farmers. The autonomous agents of the system.
Farms. This is a container object used to organize the model. Farms in the

model are instantiated using the above mentioned statistics.
The current model of the behaviour of the farmers is to consider that they
follow a rational expected maximization behaviour. This means that a farmer
will decide to change the crops to plant, based on the yield of a given crop,
the price for the last season of the crop and the costs of the crop. The farmer
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agent, will decide to change a crop in his farm, that suits the rotation scheme,
taking the list of available crops from the environment.
Each farm has an associated rotation scheme. Along with initial allocation
of a rotation scheme per farm, we set up an initial allocation of crops planted
in a given proportion in the farm.

Product Buyers. In the model, a buyer will offer to buy the production for the
farmers. There is only one buyer that will offer to buy every product of the
whole country. The prices the buyer will use, will be given in the scenario.
The specification of the prices for the moment is static: one price for each
“year” in the simulation.

Crop. Crops can be either cereals or leafs. They have an associated yield in
tonnes per hectare.

For the current formulation of the project, we will focus on the area (in ha)
planted with each Crop, for each farm. The model accounts the following different
scales.

Description Levels. The model is given at the individual level, for farms and
farming resources. For the prices, we will consider a global representation
where all prices are identical for all farmers and are given by the market.

Time. The model will consider a time step being equal to a year. In one time
step, the agent sows at the beginning, then harvests, sells the production,
and finally decides to change or not a specific crop for this rotation scheme
(substitute a Cereal or a Leaf).

Space. Each farm has a size (in ha ) of arable land. No GIS information is
included in the model for the moment.

Designing Concepts. Agents follow a reactive architecture. They observe the
prices in the system and change parameters of their main behaviour accord-
ingly. Since there are no interactions between agents, we consider a sequential
application of behaviours.

Implementation. In order to keep a maximum flexibility during the develop-
ment of the model as well as to be able to use the outputs of the model as the
inputs for the LCA, we have built our own simulator from scratch using java as
the programming language.

3.2 Connection to LCA

The interested reader may look at [11] for the details of the LCA model created
for the environmental assessment of the luxembourgish agricultural system.

3.3 Model Interconnection

In LCA, studying a particular functional unit requires some modelling.
A block diagram made with SysML of the previous description is given in

figure 2. Any LCA software can be used to perform the environmental life cycle
impact assessment (LCIA) phase.
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Fig. 2. Block description diagram of the system including the ABM simulator and the
LCA software. The block called “ABM+LCA” is in charge of distributing the inputs
to the ABM simulator (block “MUSA simulator”) and pass the outputs (Land Use) to
the LCA software to obtain the final results (Impact Assessment).

4 Simulation Workflow

4.1 Global Simulation

ABM models are simulation models, and as such they must be simulated before
they can actually answer the questions they were built for. The simulator that
implements the ABM has the following workflow.

1. Initialize the farm sizes.
2. Assign to each farm a random rotation scheme.
3. Assign to each farm a set of crops being planted (depending on the type of

rotation scheme).
4. Scale the sizes of the farms and the fields being planted with each crop to

match the statistics of 2009.
5. Apply the behaviours associated to each agent in a “pre-market” phase.
6. Let the agents sell their produce (the result of the yield per hectare per

crop) in a market with prices estimated form historical records and future
forecasts made using holt winters time series technique.

7. Apply the behaviours associate to each agent in a “post-market” phase.

4.2 Behaviours

We currently have implemented two different behaviours: one that represents a
use of exclusively economic drivers in the decisions (deemed of profit maximaza-
tion) and another one where the most important criterion for taking decisions is
the environmental impact of planting a given crop (in terms of CO2 emissions).

The focus on CO2 is presented here as a mere example, given the fact that
the environmental impacts we calculate are the entire set of so called midpoint
impacts obtainable with the life cycle impact assessment (LCIA) methods com-
monly used in LCA. In particular, we applied the consensus method ReCIPe [1].
In order to calculate the potential environmental impacts, the lifecycle amount
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Estimate potential economic gain;
for Each crop i in the potential scheme do

gain[i] ← AreaUnderCrop[i] * Last Selling Price of Crop[i];
total gain += gain[i];

end

Algorithm 1. Profit Maximization behaviour implementation.

l ← perceive available Crops in the Environment;
for Each Crop c in l do

c.profit ← calculate potential value (c);
end
for Each “Cereal” crop i currently planted in the farm do

s ← select highest value(l,currentplantation, i);
if ∃s then

substitute i with s;
end

end

Algorithm 2. Generic behaviour for substituting crops in the rotation
scheme. For the profit maximization behaviour, the highest value function
uses CO2 emissions as the criteria (the lower the emissions, the higher the
value) and for the profit maximization, the potential economic gain is the
criteria used.

of each pollutant emitted has to be converted (using conversion factors called
“characterization factors”) in an equivalent amount of a reference substance, act-
ing on the same impact category (for example CO2 and CH4 act on the category
“climate change” and CO2 is the reference substance). Midpoint characterization
factors are therefore based on equivalency principles, i.e. midpoint characteriza-
tion scores are expressed in kg-equivalents (kgeq) of a substance compared to a
reference substance. In other words, the kgeq of a reference substance expresses
the amount of a that reference substance that equals the impact of the consid-
ered pollutant within the midpoint category studied. LCIA results of midpoint
categories can be represented in two ways: 1. in absolute units (kgeq-substance)
or 2. in relative units (percentage of impact compared to one reference scenario;
for more details see [6].

A third behaviour deemed “green consciousness” is introduced to add hetero-
geneity in the behaviours. An agent (farmer) has an internal green consciousness
(a value between 0 and 1) that dictates the strength of the environmental cons-
dierations for a farmer. If the value is lower than 0.5 the farmer will actually
use the same criteria as behaviour “profit maximization” to change the crops for
next year. On the other case (green consciousness higher or to 0.5) the criteria
to use to select a substitution crop will be the environmental impact of the list
of available crops. Algorithms 1 and 2 specify the behaviours.
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4.3 Scheduling

At each phase of the simulation (as described in 4.1) the agents are scheduled to
be active in a random and synchronous order: one agent at the time is randomly
selected and the corresponding behaviours (pre-market, market and post market)
are applied to each agent.

5 Experiments

To obtain a wide-ranging perspective of the environmental impacts and damages
linked to the described production system, and to check the consistency of the
results, several different Life Cycle Impact Assessment (LCIA) methods were
applied. The analysis of midpoint impacts, as well as endpoint damages was
calculated using the ReCIPe [6] methodology. Just for exemplification purposes,
we run 5 simulations with the ABM model and we computed the corresponding
variations in the cultivated area of each crop. These variations (deltas) were fed
to a LCA software, which allowed the calculation of the corresponding midpoint
LCIA results. In Figure 3 we compare the results obtained for the five simulations
in absolute units.

We have initial results obtainned by simulating the model using the following
parameters.

– Each farmer has a random green consciousness that is taken form a uniform
distribution between 0 and 1.

– Each simulation is executed only over one time step (each time step rere-
senting a year)

– All agents perceive in perfect conditions the available crops in the environ-
ment as well as the LCA results.

– Each agent has only one post-market behaviour: green consciousness.

5.1 Results

Figure 3 shows the percentual changes for each of the different categories ob-
tained from the LCA assessment based on the changes between the initial pro-
portions of crops planted in the model, and the resulting after applying the
behaviours to each agent. For each impact category, the simulation for which
the impacts are the highest is assigned the 100% value and the impacts arising
from the other simulations are scaled accordingly.
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Fig. 3. Relative changes for each environmental indicator for each of the different
simulations. Sim 1 through Sim 5 refer to each of the five simulation runs.

6 Conclusions

This paper presents the first version of an ABM which aims at simulating a
plausible evolution of the Luxembourgish agriculture and farming system under
different conditions (status quo and externally imposed scenarios) at the aim of
evaluating the potential environmental consequences of policy driven actions.

We have managed to implement an ABM that lets the agents take decisions
based on information they perceive from the environment that is available to all
of them. The information was the CO2 footprint of different crops cultivated in
2009 in Luxembourg. This is an initial solution to the question of how to include
the LCA results in an ABM model.

Our initial results, concerning the LCA suggest that if a farmer solely focuses
on CO2 as a criterion and has a “green consciousness” that compels him to make
changes in his rotation scheme, he may end up improving his carbon footprint,
but may worsen other environmental impacts that could be of higher importance
for his specific activities (e.g. those related to soil and water).

For the moment, we consider only the crop type of resources that a farm may
have, but from previous experience [14] and from continous discussions with
different stakeholders of the Luxembourgish agricultural sector, we know that
for highly integrated farming systems, animal breeding is also a very important
factor in the decisions at farm planning level. Therefore efforts are ongoing to
include this element in the model as well.

6.1 Perspectives

In this first version of the model, we are not taking into consideration the sub-
tleties of the technical orientation of the farms (deemed OTE classification in the
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european context [4]). Including this would allow us to give a more generalized
(at least at the european scale) point of view of our results.

Although we implemented a solution that includes a so-called green conscious-
ness, on how to let the agents react using information from LCA results, the
question for future work is how to characterize and let evolve this consciousness.
For the matter of the agents profile definition, we are currently conducting a
survey to better characterize the decision making processes in farm planning. As
for the evolution, we shall include in further refinements of the model, the use of
social networks to whom the farmers would belong and let the interactions with
members of the networks influence the evolution of the green consciousness. We
can at least think of the professional networks (most farmers are professionally
adviced by local associations) and the proximity networks (geographical neigh-
borhoods). So far the model fixes the green consciousness of the farmers at the
initialization phase, but it is to be expected that this consciousness evolves over
time. Further refinements could include social contagion and imitiation as mech-
anisms to let green consciousness evolve as agents interact with other agents.

Our inclusion of the LCIA results for the moment is limited to executing
simulations over one time step and then calculating the LCA results form the
outputs of the simulation. In future work, we envision using the results from the
LCIA of each time step, and re-inject them in the environment, so that agents
can perceive them and also let the green consciousness and decisions evolve based
on the evolution of the LCA results. We can think of this as a feedback loop.
However, for this we need to develop LCIA tools that can directly be called from
the simulator. Our current tools, like for most LCA practitioners, have a limited
functionalities that support interaction with other software.
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Abstract. In the present study we developed a simulation where agents play re-
peatedly the ultimatum game with the aim of exploring their earnings for sever-
al thresholds of willingness to accept proposals. At the same time, the scope is 
also to provide a simple and easily understandable simulation of the ultimatum 
game. Particularly, the simulation generates two kinds of agents, whose pro-
posals are generated accordingly to their selfish or selfless behavior; subse-
quently, agents compete in order to increase their wealth playing the ultimatum 
game with a random-stranger matching. The trend emerged by simulation charts 
shows how, even when altruistic agents bid higher proposals than those follow-
ing selfish behaviors, the average mean cash earned is higher for the former 
agents than the latter. A second fact is that, looking at the system as a whole, al-
truistic punishment leads to a reduction of the resources exploited by the agents. 
Finally, we introduced the psychological construct of trait emotional intelli-
gence, briefly discussing the value of its implementation into computational 
simulations. 

Keywords: Ultimatum game, Agent-based model, Altruistic behavior, Trait 
emotional intelligence. 

1 The Dilemma behind the Ultimatum Game 

The ultimatum game (UG) is a well-known sum-zero game composed of a single 
bargain, illustrated for the first time by Güth, Schmittberger and Schwarze [1]. It rep-
resents an ideal situation of economic interaction between two individuals. The rules 
of the ultimatum game are quite elementary and can be easily summarized as follows. 
The first player is endowed with a certain amount of money and must decide how to 
split it with a second player. The latter can accept or refuse the division proposed: if 
he/she accepts, both players will earn money according to the proposal; if he/she re-
fuses, neither of them will gain anything. According to the idea of rationality pro-
posed by the economic theory, it would be inevitable that the proposer had to split the 
money in order to chase the maximum profit: therefore, he should give not more than 
the possible minimum to the responder. Accordingly, if the responder follows the 
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normative approach, he should accept without doubts, because the minimum offer is 
certainly better than nothing [2]. In spite of these considerations, this is not what hap-
pens in real world. In fact, as reported by Camerer [3] (who examined over 30 studies 
concerning the ultimatum game), the most common strategy followed by the propos-
ers is more or less based on equity; similarly, even the responders show an irrational 
behavior, given that the proposals are usually rejected if they are perceived as unfair. 
This last act has been defined as an altruistic punishment [4]: by refusing the pro-
posal, the responder punishes the proposer deleting all his chances to gain the money, 
although this means to sacrifice his/her own profit. In other words, the decision of the 
proposer, as well as the receiver, is affected by the individual emotional experience 
during the game: an idea that has been corroborated even by neurosciences [5, 6]. 
Following this consideration, we believe that a contribution to the study of altruistic 
behaviors could derive from the study of emotional intelligence (EI) within interac-
tion contexts. This latter represents a psychological construct that has been widely 
discussed during the last decade due to the emergence of numerous conflicting theo-
ries: [7] have extensively faced the concept, and its associated theoretical issues, 
through several domains. However, we can reconcile the theories about emotional 
intelligence when we state that it can be identified like the ability to label and control 
own feelings, as well as understand and influence others. Consequently, it is con-
ceived as a superior dimension strictly associated with personal experience of emo-
tional states. As emotional intelligence is positively associated with the social ability 
and empathy [8], we can suppose that proposers with a high level of EI are able to put 
themselves in the receiver' shoes: in this way, they are able to think strategically to the 
interaction. 

At any rate, it is clear that, in just a single round of the ultimatum game, the first 
player must decide carefully his/her proposal in the direction of not trigger off the 
refusal of the second one: so, in order to increase the chance to win, he/she should 
move towards altruistic proposals and give up part of his/her own profit. Neverthe-
less, when multiple rounds of UG are played a question arises: does altruistic behav-
ior really lead to worse economic performance than a selfish act? Considering this, in 
our study we developed a simple simulation where two different types of agents (self-
ish and altruistic) play repeatedly (and with a random-stranger matching) the ultima-
tum game. This was done in order to study their earnings for several thresholds of 
willingness to accept proposals. At the same time, the scope is also to provide a sim-
ple and easily understandable simulation of ideal negotiation providing its source 
code: in this way, we hope to encourage psychologists, as well as other social scien-
tists, to begin to appreciate computational simulations to study altruistic behavior, 
prosocial acts, and decision-making processes related to emotions. Therefore, the 
code of the simulation has been uploaded and can be retrieved inside the Model Li-
brary page of the OpenABM Consortium site. [9] 

2 Computational Simulation and ABMs 

The major value of computational simulation lies on their ability to reproduce indi-
vidual and social behavior through a computer language and a dedicated software. 
Particularly, agent-based models (ABMs) are “a type of computer simulation that is 
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used to study how micro-level processes affect the macro-level outcomes” [10, p. 
488]. This approach is the most useful to be applied when it is not possible to figure 
out the outcome of a simulation by an analytical way comprised of differential equa-
tions [11]. In this way, Axelrod [12] has defined simulation as “a third way of doing 
science”. It starts from deduction, defining some assumptions, but it does not prove 
theorems. On the contrary, it generates data that are analyzed inductively, but these 
are clearly generated from previous assumptions, instead of being gathered from real 
world. 

Again, Axelrod [12] listed a variety of purposes of simulations. They are useful to 
discover and understand the effects of hypothetical social mechanisms. They can be 
used to perform tasks, as typically happens in the field of artificial intelligence. They 
are also used to train people, helping them to figure out solutions in complex envi-
ronments. Finally, ABMs can be useful to predict outcomes from several inputs: this 
is the case of our study, where we have explored the results of several random interac-
tions of agents. 

We believe that agent-based modeling could represents an intuitive and agile 
methodology compared to analytical methods. To start working on computational 
simulations we would suggest reading the guide provided by Axelrod and Tesfatsion 
[13]. 

3 Simulating Iterated Ultimatum Games with Random Players 

To build the simulation we made use of NetLogo v.5.1.0, developed by Wilensky as a 
“multi-agent programming language and modelling environment" [14]. NetLogo is 
very common in simulation field thanks to its easy programming language [15,16]. 
Thus, coherently with the purposes of the paper, we decided to use this platform to 
provide a clear and simple starting point for other psychologists interested in studying 
ideal situations of interaction and behaviors related to the emotional area. Further-
more, so far a model to simulate iterated ultimatum games has not been added in the 
Model Library of NetLogo. 

The agents implemented into the simulation are divided into two groups according 
to their behavior, and following the observations of Camerer [3]. The amount of mon-
ey to divide inside the ultimatum game is fixed at 100.00 €€ . The first group acts in a 
selfish way, that is, their proposals are always generated randomly under the 50% of 
the amount of money to split (more in detail, their proposals range from 35.00€€  to 
45.00€€ ). Conversely, the second group behaves in the opposite way: indeed, altruistic 
agents bid higher, even over the half of initial amount of money (particularly, pro-
posals randomly range from 45.00€€  to 55.00€€ ). The conducted simulations have not 
taken into account learning behaviors based on players experience or the changing of 
the initial amount of money to split, given that, as reported by Camerer [3], the stud-
ies which exploited the UG showed only small effects for these factors. 
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Fig. 1. The algorithm shows the steps computed by a single agent (Agent 0 or A0) moving 
around the virtual world and encountering accidentally another agent (Agent i or Ai) 

Specifically, the programmed simulation can create N agents (precisely, from 100 
to 1.000 by 100) which are able to autonomously move randomly inside the virtual 
world. Each agent is endowed with: a random willingness to pay (WTP), accordingly 
to the behavior of the agent; a minimum of money that the agent would accept in the 
ultimatum game (willingness to accept; WTA). The latter is fixed equally for all 
agents and it is alterable by the user through the interface tab of the program. In this 
way, it is possible to run different simulations changing the number of agents in the 
simulation and their willingness to accept proposals. The interface tab allows also 
changing the percentage of altruistic agents to be generated (from 0% to 100%). The 
flow chart in Fig. 1 represents the steps of a single agent moving in the artificial 
world. Briefly, the agent can move randomly at each step of the simulation and, when 
it finds someone on its same position, it plays with it the ultimatum game. If it wins, 
the earned cash is stored into the agent's virtual wallet; if it loses, the agent exits from 
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the current game leaving its economic resources untouched. After it has played, it 
goes back to move randomly. Thus, in this way the virtual game follows the rules of a 
single-shot UG, as previously reported in the introduction. 

By analogy, it is possible to conceive a situation like this in which two agents 
meet: a person walking accidentally finds 100.00 €€  on the street, but at the same time, 
another person arrives at the same place and, similarly, finds the money. Thus, in 
order to decide who needs to take the banknote, they toss a coin. Nonetheless, they 
agree on the fact that who will take the money, will also have to split it with the other 
one, following what is reasonable for him. If the responder accepts the amount of cash 
proposed, they will both earn the cash, otherwise they agree to throw it away, losing 
nothing. 

The code, which can be downloaded from the Model Library of the ABM Consor-
tium site [9], should appear clear and easy to understand even to newcomers of simu-
lation field after they will have gained just some experience with the NetLogo  
platform. We hope it could be also intuitive and be the starting point for psychologists 
who want to begin working on computational simulations. The agents' behavior could 
be retrieved inside the procedure called “initBehav”: this is the part of the program 
that (more than others) could be rewritten in order to provide different and complex 
behaviors to agents, leaving unaltered the “engine” of the simulation which works on 
the iteration of the ultimatum game. 

4 Data Analysis 

The simulation we run took into account different scenarios based on the number of 
agents in the world and several values indicating the willingness to accept proposals. 
Precisely, the number of agents considered ranges from 100 to 1.000 by 100, whereas 
WTA has been analyzed (for each of the previous states) starting from 30.00€€  to 
50.00€€  by 1. For the analysis, we decided to limit the simulation time at 750 cycles. 
For each population of agents and each WTA considered, we applied 10 runs in order 
to obtain an average result, given the randomness nature of simulations. Consequent-
ly, for each result of these ten runs the average cash won by the agents acting selfishly 
and selflessly has been calculated. In this way, it is possible to observe the average 
cash earned by the two groups based on different values indicating the willingness to 
accept proposals (Fig. 2). Furthermore, we tried to change the percentage of agents 
endowed with an altruistic behavior, but we did not observe any significant changes 
in the final trends extracted from the charts comparing the two groups. Finally, the 
differences that can be observed between trends among conditions are mainly due to 
the random generation of the agents' willingness to pay. 
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Fig. 2. Charts showing the trend of the average cash earned by agents with selfish and altruistic 
behavior for different numbers of agents (100; 500; 1.000) with WTA ranging from 30,00€€  to 
50,00€€ . Each value associated to a single WTA is the average result of ten runs of the simula-
tion. 

5 Results and Discussion 

The program reproduces an ideal economic condition where a variety of agents, dis-
tinguished for their altruistic or selfish behavior, must randomly compete among them 
in order to increase their wealth (i.e. raise their portfolio). The model demonstrates 
the potential of simulations, that allow to understand the average outcome in terms of 
earned money through the repeated and random interaction of the agents, without the 
necessity to conduct expensive studies (it would be quite impossible, or at least very 
difficult, to reproduce this kind of research inside a laboratory with real people) or as 
an intuitive and agile alternative to analytical methods. 

The conducted simulation shows how, even when altruistic agents bid higher pro-
posals than those following selfish behaviors, if we look at the whole system, the 
average mean cash earned is better for the former agents than the latter. Nonetheless, 
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this is true just when the willingness to pay is set above a certain threshold. Indeed, if 
WTA falls below the threshold of 35-36% of the initial amount of money, the best 
average performance is achieved by selfish players. The charts in Fig. 2 illustrate 
these results, showing the average cash earned by the two different kinds of agents 
plotted on several WTA for different populations. It is notable that the average WTA 
observed through several experimental studies usually swing near this threshold: in-
deed, Camerer [3] reported how the proposal is rejected half of the time when under 
the 20% or so and quite always accepted when at least equal to 40-50% of the initial 
amount of cash. 

Furthermore, an interesting fact is that, looking at the system as a whole, the rejec-
tion of the proposals with the consequences of losing money (also known as altruistic 
punishment), when largely applied, leads to a reduction of the resources exploited by 
the agents (we should remind that the amount of money to divide is indeed “donated” 
to players). In fact, it is possible to observe in Fig. 2 that, when WTA exceeds the 
threshold of 35-36%, just as the trend of earnings of each group overturns, both the 
gain of selfish and altruistic agents significantly decrease.  

Finally, we would like to use this opportunity to state how a significant contribu-
tion to the understanding of the apparent irrational behavior that leads people to reject 
offers, even sacrificing their own profit, could stem by the introduction of the concept 
of emotional intelligence into computational models. Emotional intelligence is con-
ceived as a personality trait and could be identified as an aggregation of emotional 
self-perceptions [17]. Particularly, this psychological construct concerns individual 
differences on the perception, and thus management, of the emotional sphere. 
Petrides' work [18] reports several studies to appreciate how EI can represent a wor-
thy predictor of prosocial and antisocial behavior, of emotion regulation, of mood, as 
well as affective decision-making. A good discussion of the relationship between EI 
and decision-making and its importance regarding the study of individual differences 
on choices has been provided by Sevdalis, Petrides and Harvey [19]. We think that its 
implementation into a computational model could advance the development of heter-
ogeneous population of virtual agents. 

Following this way, our successive work [20] will be based on the simulation and 
code program here presented, but agents' behavior will be rewritten accordingly to the 
results of an experimental study concerning the relation between EI and WTP in the 
ultimatum game. The data were gathered by participants who responded to a survey 
measuring the level of EI, their money attitude and in which they were asked to play 
the ultimatum game three times varying the initial amount of money. In this study, we 
observed a positive correlation between EI and willingness to pay. These findings will 
act as the base to implement the complex behavior of the agents: particularly, the EI 
and attitude to money will be the ground on which agents will make their proposals.  
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Abstract. In the field of artificial intelligence, a question dealing with computer 
and cognitive science is arising and becoming more and more crucial: Can we 
design agents so sophisticated that they are capable of mimicking emotional be-
haviors in general as well as specific emotions like compassion or empathy? 
Despite the production of different computational models, their integration with 
cognitive and psychological theories remains a central problem. Reasons are 
both methodological and theoretical. Primarily, it is difficult to quantify the im-
pact of such factors as individual differences, inclinations and personality traits. 
In addition, Agent-Based Models (ABMs) often use linear dynamics, even in 
describing emotions, without considering the basis of psychophysics. Bearing 
in mind this and focusing on compassion as a particular emotion, the paper aims 
to present a “Decalogue” for those interested in designing agents capable of 
mimicking human emotional behaviors. In the paper, compassion will be trans-
lated as prosocial behavior.  

Keywords: Emotional behaviors, Compassion, Prosocial Behavior, Psychophys-
ics. 

1 Advances and Limits in Computing and Reproducing 
Emotional Behaviors 

Emotions are considered important for computational models because they can pro-
vide both an explanation for agents’ adaptive behaviors (Anderson et al., 2004; 
Scheutz & Sloman, 2001) and ideas to facilitate social cooperation in real life (Gratch 
& Marcella, 2001; Keltner & Haidt, 1999). Gratch and Marsella (2004) consider the 
development of computational models of emotions as a core research focus that will 
facilitate both the interpretation of and the influence on human behavior. Emotion is 
essential for thought as much as thought is essential for emotion (Lazarus, 1982). That 
is why it is important to consider them together. Lin, Spraragen, Blythe, and Zyda 
(2011) describe three main computational models that show different aspects of the 
relationship between emotion and cognition: 
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1. EMA (Marsella & Gratch, 2009): Mostly interested in explaining the dynamics of 
emotions through a sequence of events, it focuses on appraisal and how this leads 
first to emotions and then to coping. The model shows how building not-
confirmed expectations could lead to very specific emotions (delusion, frustration, 
etc.).  

2. Soar-Emote (Marinier III, Laird, & Lewis, 2009): It shows how different apprais-
als influence the notion of intensity. In particular, authors propose to use appraisal 
to calculate both arousal and valence in various models.  

3. WASABI (Becker-Asano & Ishiguro, 2009): It is supposed to be one of the most 
general models of emotions built to simulate affective agents. The model uses 
primary and secondary emotions. The first ones are more instantaneous while the 
second ones are more complex and arise from reasoning. 

 
Since then, much progress has been made both in the field of computer science and 

in the study of emotions. Despite the production of different computational models, 
their integration with solid psychological and cognitive theories remains a central 
problem . Reasons are both methodological and theoretical. Primarily, the lack of 
interdisciplinarity makes it difficult to adapt theories to classical models based on 
agents without simplifying the factors present in them. Secondly, it is difficult to 
quantify the impact of such factors as individual differences, inclinations and person-
ality traits (Sartori, 2010; Sartori & Pasini, 2007). Thirdly, Agent-Based Models 
(ABMs) often use linear dynamics, even in emotions, without considering the basis of 
psychophysics. 

Despite the limitations presented so far, it is important to state that ABMs represent 
a true revolution for psychology and cognitive science, probably the first instrument 
able to dynamically reproduce or mimic emotions connected to behaviors. All this 
considered, the paper aims to present a “Decalogue” for those interested in designing 
agents capable of mimicking human emotional behaviors. In particular, the present 
contribution will try to give some useful suggestions in order to answer the three lim-
its mentioned above by presenting a case study related to compassion and prosocial 
behavior. 

2 Using Cognitive and Psychological Studies for Better 
Simulations 

In order to design agents with appropriate characteristics, interdisciplinary methods are 
crucial. In particular, it is worth considering those theories developed by psychology and 
cognitive science that outline perspectives that should be considered in designing agents. 
In the specific case of compassion and prosocial behavior, social scientists and cognitiv-
ists have developed several theories to explain them. Batson and Oleson (1991), for ex-
ample, believe that the main goal of prosocial behavior is to make others feel better, and, 
in this regard, empathy assumes a leading role. Empathy is a social-affective dimension 
that can be developed by training experiences and is at the basis of interaction and rela-
tionships (Cunico et al., 2012). Other theories are more “egoistic” than this and  
suggest that, when deciding to give help, our benefits are more important than others’ 
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benefits. Andreoni (1989) states that, when we help someone, we experience a sort of 
“warm-glow” feeling inside and this would be the main motivation for altruism. On the 
other hand, Cialdini et al. (1987) think that we give help particularly when the suffering 
of others leads to negative feelings that we want to alleviate. Most scientists think that 
once we are able to identify the main motivators we can understand and predict prosocial 
behavior more easily. However, the question is whether experimental studies are able to 
respond to a huge number of interactions of different types while they are happening 
between people who give help and people who need help. What happens, for example, if, 
after you have just helped someone, you meet a person that you cannot help or even two 
people in need, one after the other, which cannot be helped? How does compassion 
change over time in a system where there are people who cannot be helped? For social 
psychologists and cognitive scientists, these questions appear to be at the same time ex-
tremely interesting and difficult to answer by simply relying on classical experimental 
approach. For this reason, the use of ABMs is becoming precious, especially if these 
models are computed by starting from empirical theories. 

3 Better to Start from SEMs. The Importance of the Empirical 
Data 

It is well known that the development of ABM algorithms is the most fragile aspect of 
the simulation analysis. In the specific case of ours, in order to design social net-
works, the crucial preference is the identification of an amount of agent’s attributes 
significant for prosocial behavior. The theories we have dealt with before are able to 
help. Agents’ attributes span from basic demographic attributes to more specific and 
psychological features (Ceschi, Sartori, & Rubaltelli, 2014). These attributes have the 
greatest impact and therefore it is important to consider them for the aims of the anal-
ysis. For this reason, it is recommended to start from some empirical models, such as 
Structural Equation Models (SEMs), which are widespread in social and psychologi-
cal science and they are used to represent human behaviors. They consist of equations 
that link latent variables and their indicators by using exogenous causes. A remarka-
ble benefit of this framework is that correlations of observed indicators are clearly 
made as arising out of subjacent factors that are accountable for the results 
(Krishnakumar & Ballon, 2008). Apart from this, results from SEMs have never been 
dynamically linked to individual differences. This is a limit of this quantitative meth-
od. Essentially, individual differences are characterized as a set that makes individuals 
particular, according to their inclinations, capabilities and outcomes. Starting from 
here, ABMs can help to represent, in a natural and dynamic way, several scales of 
analysis and the importance of structures at different levels, none of which is easy to 
accomplish with other modeling techniques (Gilbert & Terna, 2000).  

In the current paper, the aim of the analysis is to present a model able to simulate a 
number of characteristics that have been scaled, modeled and assigned with probabil-
ity distributions to simulate prosocial behavior. Usually, the purpose of this stochastic 
effort is to endow agents with a ‘personality’. For this reason, SEMs on prosocial 
behaviors (Maner & Gailliot, 2007; Ranganathan & Henley, 2008) have been consid-
ered as determinant factors of prosocial behavior itself.  
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4 How to Compute Compassion over Time. A Solution from 
Psychophysics 

Commonly, the good feeling you get when you help someone in need drops over time 
following the psychophysical function of human sensitivity (Weber, 1834). While this 
sounds normal in psychophysical terms (imagine the difference in sensation when you 
turn on the light in a dark room and when you do the same thing in an already lighted 
space), how normal does that sound when we evaluate somebody’s life differently just 
because they are the first or the nth needing help?  

On the other hand, the greater the number of people you cannot help, the lower is 
the good feeling of you experience about those you can help. Fetherstonhaugh, Slovic, 
Johnson and Friedrich (1997) found that people have a diminishing sensitivity to the 
value of life over time, which they called Psychophysical Numbing (Figure 1). 
Västfjäll and Slovic (2011) found that participants reported a decrease in feeling good 
about giving help during the increase of the number of people that could not be 
helped. The phenomenon has been called the Pseudo-Inefficacy effect (Västfjäll & 
Slovic, 2011) and it is a further example that people not always respect the utilitarian-
ism norms (Dickert, Västfjäll, Kleber, & Slovic (2012).  

 

Fig. 1. Trend of Psychophysical Numbing 

5 A Proposal for a Realistic Simulation of Compassion and 
Prosocial Behavior 

Naturally, factors that motivate helping and factors that demotivate helping are con-
nected. It is therefore fundamental to study them in their interactions with altruistic 
behavior. Designing agents capable of reproducing compassion and prosocial behav-
ior requires different algorithms that must be integrated so that they can work together 
and take into considerations the points and theories previously seen.  

In order to create a model capable of recreating compassion, it is important to con-
sider that “compassionate agents” will be influenced by both agents that can be helped 
and cannot be helped. “Compassionate agents” should be demotivated if they meet 
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agents who cannot be helped. On the other hand, they should be motivated after help-
ing others. The model should include 3 variables which play an important role in 
prosocial behavior: 1. Compassion (C), 2. Demotivation (D) and 3. Altruism (A). 

Let’s suppose that A is the need to help that individuals feel in certain situations and 
that they will be repaid with C. This mechanism happens when agents can help other 
agents. If the helper cannot find someone to help, functions invert their trends (C starts 
decreasing, while A starts increasing). D decrements A and C levels when the agent meets 
others that cannot be helped. In order to compute mathematically these trends (Figure 2), 
we used several logarithmic and decay functions based on coefficients extracted from 
SEMs on prosocial behaviors (Maner & Gailliot, 2007; Ranganathan & Henley, 2008). 

 

Fig. 2. Trends of Compassion, Demotivation and Altruism, where X is the standardized level of 
C, D and A or of the feeling observed, and Y the time 

In phase I, an agent has the possibility to help agents in all the time units. Consequent-
ly, its level of A increases and its level of C decreases. In phase II, the helper starts meet-
ing agents that cannot be helped. Its levels of C and A go down while D increases. In 
phase III, the helper finds agents to help, and, therefore, D stops amounting and starts 
decreasing. C increases, A decreases. In phase IV, the helper is no more able to find other 
agents. Consequently, C decreases and A increases, while D continues to decrease. Next 
section will suggest a mathematical model for the example here reported (Table 1). 

Table 1. Definitions and computation of the variables of the present example 

Name Meaning 
t the time variable 
C the Compassion level 
D the Demotivation level 
A the Altruism level 
C0 the maximum value of Compassion 
m the states of agents are: a. when the agent does not meet others; b. 

when the agent meets an agent in need of help; c. when the agent 
meets an agent in need of help, but is not able to help it. 

λ the constant value of the Demotivation factor which influences the 
Compassion 

μ the constant value of the Demotivation factor 
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Where t is the current time. 
t0 is the actual time when Equation reaches 
the value C(t3) 
t1 is the actual time when Equation  reaches 
the value C(t2). 
t2 is the moment when the agent does not 
find people to help. 
t3 is the moment the agent find people he 
can help.  
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The demotivation function 
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The altruism function 
 
t2 is the moment when the agent does not 
find people to help. 
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Where t is the latest moment when the agent 
does not find people to help.  

6 Conclusion 

As Gratch and Marsella (2004) claim, including elements related to emotions in 
ABMs can facilitate both the interpretation of and the influence on human behavior. 
In this model, we used compassion as a predictor of the helping behavior, following a 
method that takes into account solid psychological theories and experimental data.  

The model, here presented just for the mathematical part, is finding application in a 
simulation that aims to recreate agents capable of reproducing compassion and the feel-
ing of inefficacy that can be found often in charity giving issues, where the help needed is 
always bigger than the material resources that others can offer. As well, by using these 
algorithms, we aim to simulate contexts to manage natural disasters, epidemic situations, 
medical problems and several other events where helping behavior is crucial. 
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As for this basic model, we only included a simple relation between agents in need. 
On the other hand, and quoting the famous saying by Korzybski, the map is not the 
territory. In real life, there can be many other factors that would be worth being im-
plemented in this relation. Demotivation and motivation to help can be mediated or 
moderated by other factors such as mood, previous experiences (not everyone feels 
the same demotivation when they learn about individuals they cannot help), coping 
strategies, etc. On the other side, the actual help might be also influenced by the char-
acteristics of the individuals in need, such as gender, race, physical conditions and 
others. Several other characteristics could be implemented into the mathematical 
model in order to run even more realistic simulations regarding prosocial behavior. 
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Abstract. In the last few years, distant learning is gaining traction as
a valid teaching approach taking advantage of the Internet and current
multimedia capabilities. Even though thousands of students are enrolling
to Massive Open Online Courses, there is still a lack of proper educative
programs who account for the individual characteristics of the students.
In particular, most e-learning courses tend to be mere repositories of
contents, very teacher-centric and lacking the necessary individual per-
sonalisation to account for each student’s needs, expectations and paces.
In this work, we propose and describe an Intelligent Tutoring System
that enables the automatic adaptation of the contents of the course to
the particular learners. The systems was tested with a group of students
with very positive direct and indirect results.

1 Introduction

Even though many tools for distant learning exist nowadays, they tend to be
mere information repositories simulating textbooks. Only sometimes they are
effectively complemented with communication tools such as forums, emails and
online meetings that enables the communication between tutors and partici-
pants. More recently, a new model of platforms has emerged in which most of
their contents are presented as videos, with almost no importance for written
materials [1]. The concept of community within a course, to solve doubts or
comment on the contents, is also gaining major traction. Additionally, in those
courses, learners sometimes also act as course tutors, by grading peers works
and solving questions, freeing the real tutors of these tasks.

However, in both the aforementioned approaches, the role of the tutor as
the individual who guides and personalises the students learning according to
their effort and capabilities does not exist or is very diminished. Therefore, the
learning process becomes a depersonalised one, in which all students have the
same work plan, with no consideration to their personal particularities. This is
an undesirable situation, as it gives no attention to the more needed students,
and can make the learning process very boring for the most qualified students.

The present work introduces the design, development and implementation
of an e-learning tool based on video-teaching, that incorporates an Intelligent
Tutoring System (ITS). Additionally, we show its application to a particular real
case, demonstrating how the inclusion of the ITS enables the personalisation of
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the learning process and avoids the common e-learning problems related to the
un-adaptation of the contents to the learners. The system we present reproduces
the teachers behaviour on its role of decision maker based on student supervision.

In the work, we describe previous tools, along with the characteristics, the
teaching methodology, the architecture, the implementation and the additional
functionality of our proposal of intelligent tutoring system, and its application to
the real case in a course at our university. The paper concludes with a reflection
on the aforementioned points.

2 Background

Traditionally, the lecture based in a rigid schema in which the teacher has an
active role and the students a passive one, has been the main teaching vehi-
cle in the Spanish university system. With the advent of new methodological
approaches, lectures are however losing their central role and student work is
gaining weight, with classroom’s hours increasingly devoted to personalised at-
tention to the students [2]. In some cases, the new methodology of individual
work by the students and in-class discussions have proven very productive. On
the other hand, in courses with complicated contents or procedures, such as
many Engineering courses, the lack of proper guided lectures setting the initial
ground truth is a handicap that reflect on the students outcomes. In particular,
the following problems have been detected among the students:

– Students need to work with a high number of materials from different sources,
and they are usually forced to select, without prior knowledge, the best
source for each particular content in the course.

– Copyright and intellectual property issues difficult the process of making the
necessary materials available to students.

– Written materials are difficult to be accessed on libraries, where only a few
copies are available.

– The individual work of the students increases the differences among them,
complicating the teacher’s work and the course preparation.

– Groups tend to be very populated and it is therefore difficult for the teacher
to know how the students are progressing on an individual level.

– The work of the students does not have a supervision that accommodates
their own rhythm.

– There is an excessive number of partial evaluations during the course. Stu-
dents attention spans are often short and varying from one course to another
as they only focus on the next exam.

– Students have difficulties on understanding which is the final level expected
from their learning. This fact has also impact in following courses that rely
on the current one.

In recent years, several academic institutions worlwide are proposing solu-
tions to those problems making use of video-teaching tools [3]. Centres such as
Stanford University, MIT or Georgia Tech have developed platforms to improve



Intelligent Tutoring System, Based on Video E-learning 217

their learning curricula, contributing to their international visibility. This great
scale distribution of contents allow that renowned professors can disseminate
their knowledge to all those individuals interested in the subject. It is also rela-
tively straightforward, by means of dubbing or the addition of subtitles, to offer
a multi-language teaching experience using the aforementioned materials.

Since a few years ago, e-learning has consolidated as the most extended dis-
tant learning modality [4]. E-learning (also known as on-line formation or virtual
education) consists on replacing the physical location of the learning centre by
a computer. This modality is nowadays widely accepted and, as mentioned, in-
cluded in the teaching portfolio of many relevant institutions. In traditional
learning, the learner bases her progress on studying the materials and the per-
sonalised guide of a teacher who resolves the problems and complements the
learning; e-learning, on the other hand, provides a generally bigger set of mate-
rials, permits self-pace and distant learning, but lacks the personalised guide of
a tutor.

However, there is nothing to prevent the role of a supervisor —who resolves
problems, corrects exercises and suggests new material— being incorporated into
e-learning systems. The true reason behind most current systems not incorpo-
rating this aspect is the difficulty and complexity of developing and integrating
such a feature, rather than in the pedagogical aspects. Some attempts have been
made to simulate the presence of a teacher, creating a false appearance of person-
alisation. This is particularly interesting in video-learning courses [5], in which
a teacher appears in the videos, simulating a real class.

E-learning tools that can be classified into two groups: of general purpose
(such as Moodle or WebCT which allow the management of course and the
creation of online learning communities), and the domain specific ones (which
deal with particular areas of knowledge and includes higher levels of intelligent
tutorization. Some examples are the ones teaching Nursery [6], Electric circuits
[7], or air traffic controllers [8]).

The usual procedure of most of these tools consists in the tutor loading a set of
materials in the platform, and the students visualising them at their convenience.
Those e-learning systems treat all students in the same way, making no case of
the differences among students. Therefore, they do not adapt themselves to the
students, which is, on the other hand, a desirable feature.

The concept of Intelligent Tutoring System (ITS) [9] is defined as a system
able to emulate the behaviour of a teacher in all relevant aspects [10], without
the need of a real teacher and being the computer system the one in charge of
guiding the students. One of the learning objectives of intelligent tutoring sys-
tems is that of adapting hypermedia courses to each final user [11] controlling the
learning level and the contents navigability, adapting the available information
and the methodology, explaining errors and suggesting solutions. In other words,
an Intelligent Tutoring System is a system that prepares and shapes the learning
material and procedures to the particular students and their performance.

The main objective of our research is to develop a video e-learning system
integrating an Intelligent Tutoring System specially designed to the teaching of
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the undergraduate courses on Artificial Intelligence at the University of Granada.
To do so, we propose an abstract model of Intelligent Tutoring System which
will be later implemented and tested in a real environment (the aforementioned
course, which has been taught by the authors for several years) to show its
validity.

3 The Intelligent Tutoring System

3.1 Features

Our developed Intelligent Tutoring System presented the following aims:

– It models the knowledge state and abilities of the students.
– The student learning is driven in an adaptive way by means of constructing

a personalised learning plan using the materials of the course.
– It teaches, examines and evaluates the students individually.
– It automatically evaluates the students answers by means of templates or

teacher interaction.
– It controls the students progression level during the course.
– The educative material is mainly based on videos.

The Intelligent Tutoring System will therefore be able to anticipate if the
student evaluation will be successful, shows how students respond to courses,
and plans reinforcement activities. The teacher can also check the reinforcement
plans and see the evolution of the students during the course.

One of the main features of an Intelligent Tutoring System is that of teaching
each student in a personalised way [12,13]. The training methodology comprises
the learning of each units concepts and the evaluation of the acquired knowl-
edge. The tutor will supervise and analyse the students answers checking its
correctness and potential failure trends.

If the students pass the exercises, she can move onto the next unit; if not, she
is presented with new exercises and explanations related to her mistakes. Should
the student keeps failing the unit, new reinforcement exercises and contents will
be provided, and repeated, if needed. At the end of the course, the student will
have to pass an exam covering all the course contents. This process is flexible
enough to allow students to reinforce past units and review all contents.

As students are performing tests on a per unit basis, the tutor can assess
on their progress, and the system can adapt the learning process. Tutors are
presented with plenty of information about students performance and efforts.
With the aim of avoiding the boredom of certain students, the system provides
them with a sufficient degree of flexibility, as they can, if appropriate, choose
the order of lessons, or skip them by directly attempting the tests.

3.2 Architecture

To achieve the expected behaviour for the Intelligent Tutoring System, several
techniques from the Knowledge Engineering andArtificial Intelligence fields have
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been used [14]. In particular, intelligent systems are generally composed by sev-
eral elements: a domain model, a student model, a teacher model, a pedagogical
model. All of them are described in the following lines and depicted in Figure 1:

– Domain model: It provides the knowledge on the domain, providing the
intelligence of the tutor. It is given as declarative (describing the facts) and
procedural (the rules to execute a task) statements.

– Student model: It contains information about the student, such as: personal
data, interactions and progress achieved.

– Teacher model: It contains the data related to the teacher.
– Pedagogical model: It is the main part of the Intelligent Tutoring System as

it represents and manages the learning process and enables the functioning
of the whole system through communication of all components. This model
adapts the presentation of the material to each student using the information
from the student’s model, and creating a study plan (an ordered sequence
of lessons). The pedagogical model comprises seven elements:

• Evaluation model: It determines the student level and updates the in-
teraction parameters in the student model.

• Problem generation model: It generates the exercises and the units that
the students need in their learning processes.

• Problem resolution model: It deduces the right answer for a problem and
prepares feedback on the students’ answers.

• Answer analysis model: It analyses the students’ answers and check their
correctness.

• Unit revision generator model: It plans the lessons the students will have
to review according to their learning progress.

• Grade predicting model: It approximates the grades the students are
likely to obtain at the end of the course.

• Syllabus generation model: It suggests a course syllabus to the teacher.

– Graphical interface: This component is in charge of the interaction among
the system and the users (student, teacher, administrator or visitor).

3.3 Implementation

Our Intelligent Tutoring System has been developed as a multi-agent system with
a blackboard architecture (i.e. with several agents interchanging information in
a common space) [15]. The agents are in charge of emulating the behaviour of
a teacher using the aforementioned pedagogical model, and comprising, among
others, the tasks of evaluating the questionnaires and the design of syllabus. The
blackboard architecture enables a very modular system, in which each task can
be implemented independently.

In particular, the system has a client/server architecture (see Figure 2), with
the server distributing the web pages to the clients. The current implementation
uses Apache, PHP, and MySQL (for the data repository). The graphical interface
has been developed to be user-friendly.
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Fig. 1. Multi-agent architecture of the system

Fig. 2. Global view of the functionality of the system
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The system leans on three basic components (that enables services to be added
and removed dynamically, with no need to interrupt the system’s execution):

– A basic common manager to both the client and the server. It takes upon
the tasks of dynamic execution of code and intercommunication between
processes in execution.

– A database that serves as common repository of the data driven by the
system.

– Advanced services provided on top of the architecture for the end-users.

The system also offers additional services such as e-mail, forums, and video-
conference, which allow all users to communicate between them.

3.4 Functionality

As depicted in Fig. 3, the devised tool has different user roles (administrators,
teachers, students and unregistered users) with differentiated sets of privileges:

– Administrator: manages and maintains the web site, keeps the information
about teachers and students, manages user accounts and courses, etc.

– Teacher: obtains information about existing courses and creates new ones.
It can also visualise information about students and their progress and per-
formance.

– Student: gathers information about teachers and courses, registers in new
courses, and sees its progression and results.

– Visitor: any person without an account. It can get information about avail-
able courses and the teachers but cannot participate on them until getting
registered.

4 Results

As previously stated, we aimed at facilitating the learning of the Artificial In-
telligence course at University of Granada, by means of an e-learning system
incorporating an Intelligent Tutoring System. The first step was the study of
requirements of the system in order to achieve the objectives. This way, a set of
features such as the potential number of concurrent students, the storage and
connectivity needs, and the kind of interfaces to be developed. According to
those requirements, an architecture to accommodate all of them was designed,
proposing a central server storing all contents and the management software. All
users will connect to it by means of a web system. On developing this Intelligent
Tutoring System and its application, a prototype of e-learning server have been
designed and developed, incorporating an ITS, for the multimedia teaching of a
course. The system has incorporate the course’s contents, achieving a sufficient
degree of functionality.
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Fig. 3. Main screen of the web tool implementing the proposed Intelligent Tutoring
System

4.1 Results on the Students’ Learning

On the lights of the work done by the students with the platform, and the
results they have gained in the final evaluation of the course, students have
achieved a higher degree of comprehension of the course contents in comparison
with previous years. According to the results of the evaluation of the course in
the 2013/14 June call (the students which used the tool), up to 77.42% of the
students attempted the evaluation, and from them, 91.67% passed the course.
Those figures, in the first year in which the intelligent system was used, suggest
the great educative potential of the developed tool. New analysis are to be made
in the following years to confirm such expectations.

Besides that, students have referred better comprehension of the course con-
tents thanks to the complementary materials and the system guidance and sug-
gestions. Students also indicated the advantages of learning at their own pace,
with the possibility of adapting their time and their efforts. In this way, some
of the problems regarding an insufficient comprehension of the basic concepts
in the course have been overcome. Guaranteeing the appropriate comprehension
of these concepts was paramount for the success in the course, as many other
concepts were building on top of the basic ones.

For teachers, the usage of the tool has allowed a deeper understanding of
the student necessities, efforts and performance, making it possible to adapt the
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contents to particular groups of students. Additionally, course contents that were
not successfully addressing the students’ needs have been identified and will be
remade in following revisions.

Finally, and due to positive outcomes of the experience, we are currently
working on implementing the Intelligent Tutoring System in other related courses
at Universidad de Granada.

5 Conclusions

This work described the development of an intelligent tutoring system that tries
to imitates a real classroom on the learning procedures, and in particular, in-
troducing a guiding entity that can personalised the learning process for each
student. The developed Intelligent Tutoring System presents the following set of
advantages:

– Flexibility: The system enables students to study at their own pace.
– Mobility: The physical presence in the classroom is no longer necessary.
– Effective: The outcomes of the learning process are evaluated.
– Cost reduction: Once developed, the system is easy to maintain.
– Wide coverage: It can be guaranteed that students will cover all the units

and contents of the course.
– Personalisation: The contents and the learning process is adapted and per-

sonalised to the particular student.
– Easy updates: Course contents are easily updateable.

All in all, the Intelligent Tutoring System is a tool for managing, supporting
and distributing learning courses in a web environment. It allows the creation
and management, in a very flexible way, of platforms of e-learning that adapts
the contents of the courses to each particular student, improving the outcomes
of the learning experience.
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Abstract. This paper presents the implementation of a dynamic collision avoid-
ance system with deceleration control designed for Assistant Personal Robots 
based on the use of a LIDAR sensor. 
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1 Introduction 

Remotely operated robots can generate dangerous situations where the user is not able 
to control the robot (high latency, unstable connectivity…).  LIDAR sensors are wide-
ly used to perform collision detection systems [1-2]. As an example, in [3] a robot 
designed to detect gas leaks use a LIDAR sensor in order to get information from the 
environment. In such robots, collision avoidance is performed by generating a prede-
fined bounding box around the robot that must be big enough to avoid collisions at 
maximum robot velocity, but also small enough to be able to go through doors and 
narrow corridors. 

2 Proposed Methodology 

The hypothesis presented on this work is that it is possible to estimate the velocity of 
the mobile robot by using the information of the wheels and combine this information 
with a LIDAR sensor in order to dynamically define a collision bounding box accord-
ing the velocity of the mobile robot. The mobile robot uses omnidirectional wheels 
(fig. 1) and has to prevent strong acceleration changes as they can cause the robot to 
flip over its horizontal axis. 

 

Fig. 1. a) Omnidirectional wheel. b) Omnidirectional wheels distribution. 



 E. Clotet et al. 228

3 Current Results 

Figure 2 shows the results obtained when simulating the robot movement with:  wheel 
diameter = 0.3 m, motor speeds of, [M1 M2 M3] = [20, -20, 0] rpm, robot velocity of  
1m/s, frontal wall distance at 7m, and maximum negative acceleration of 0.7 m/s2. 
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Fig. 2. Representation over time of the position, speed, and acceleration of the robot 

4 Conclusions 

The simulations performed have shown that it is possible to avoid drastic decelera-
tions and collisions for forward trajectories. Future work will be focused in the gen-
eral formulation of the procedure to include all possible mobile robot trajectories in 
order to avoid collisions and adequate mobile robot velocity to the environment. 
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1 Introduction

Decision support systems can be quite useful in public health management since
it can provide new and relevant information regarding to population profile, in-
cidence and behavior of diseases over time, as well as effectiveness of prevention
methods. Such systems may also be useful if they are able to make predictions
and trigger alerts about future events. Meningitis is an infectious disease with
high mortality rate, especially in less devel-oped countries. DATASUS, the In-
formatics department of the Brazilian public health system (SUS), stores and
makes available to professionals, researchers and public health managers a huge
amount of health data, which is often underutilized. A retrospective study of
these data to chart a disease behavior model in a particular region and the sim-
ulation of possible scenarios could be quite helpful in making decisions to reduce
the incidence and mortality of this disease. Multi-Agent Systems (MAS) are
highly appropriate to the complex environment of health. More specially Agent-
Based Modeling and Simulation (ABMS) has been used to support decision
making in different scenarios related to health [3]. For example, in emergency
departments, for predicting the effects of patient’s derivation policies [4]; in the
area of computational epidemiology, evaluating the spread of infectious diseases
[2]; or for validating the model for supporting emergency evacuation decision
making [5]. Tree-based decision models are decision-making components of med-
ical curriculum. These models can supplement the clinical practice guidelines or
even they can be used as a standalone decision tool. For example, in [1] a tree
based decision model was developed to predict the severity of pediatric asthma
exacerbations.

2 Proposal and Preliminary Results

Our goal consists in exploring the use of MAS technology to develop tools that
will assist policy makers in public health management, making use of ABMS and
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data mining techniques. We have data of meningitis cases (happened in Bahia,
Brazil, during the last 10 years), provided by DATASUS. With those data we
are exploring two working line: First we are constructing an agent-based simu-
lator. For this purpose, we have identified the different types of agents involved
in the treatment of meningitis. Agent behavior is being constructed following a
data-driven approach. Accordingly, a state machine would describe each behav-
ior where transitions between states are determined according to probabilities
obtained from our dataset. Our simulator may help the policy makers to draw
a profile of the cure and mortality during the analyzed period, 10 years, and
to identify changes in its behavior that may have occurred over these years.
NetLogo [7], a high level platform particularly well suited for modeling complex
systems developing over time, is being used to construct our simulator. The sec-
ond research line we are exploring consists in studying the dataset in order to
obtain statistical evidence suggesting the effectiveness of prevention vaccines,
the principal agents of contamination, the seasonality of the disease and to eval-
uate the most suitable strategies for an early intervention that would reduce
the mortality rate of meningitis. Our first results of that analysis suggest the
existence of a gap between the data and recommendations for the diagnosis and
management of bacterial meningitis. Those recommendations are collected in the
Clinical Practice Guidelines (CPG) [6] commonly used by medical doctors. The
found gap is due to the lack of resources in less developed regions where some
useful tests for a more accurate diagnosis cannot be made. As a consequence,
our goal is to apply data mining techniques to obtain a tree decision that would
assist in the diagnosis of meningitis and could lead to elaborate an adaption of
the CPG to the particular characteristics of rural areas de Brazil.
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Abstract. The objectives of this research are to further investigate
the foundations for novel SMT and SAT-based bounded model check-
ing (BMC) algorithms for real-time and multi-agent systems. A major
part of the research will involve the development of SMT-based BMC
methods for different kinds of Kripke structures, interpreted systems for
different kinds of temporal languages.
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1 Introduction

Model checking [1] is as a method for automatic and algorithmic verification
of finite state concurrent systems.Automated verification of real-time systems
(RTS) and multi-agent systems (MAS), performed by the analysis of their models
is a very important subject of research. This is highly motivated by an increasing
demand to verify safety critical systems, i.e., time-dependent systems, failure of
which could cause dramatic consequences for both people and hardware. In view
of this, there is an obvious need to develop efficient SMT/SAT-based verification
methods which could be used in practice.

2 SAT and SMT

SAT-based BMC [2] uses a reduction of the problem of truth of a modal formula
in a model (transition system) to the problem of satisfiability of formulae of the
classical propositional calculus, i.e. SAT-problem. The reduction is achieved by
a translation of the transition relation and a translation of a given property to
formulae of classical propositional calculus. It should be emphasised that for a
given temporal logic, BMC is mainly used to disprove safety properties and to
prove liveness properties.

The SMT problem [3] is a generalisation of the SAT problem, where Boolean
variables are replaced by predicates from various background theories. SMT

� The study is co-funded by the European Union, European Social Fund. Project PO
KL “Information technologies: Research and their interdisciplinary applications”,
Agreement UDA-POKL.04.01.01-00-051/10-00.
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generalises SAT by adding equality reasoning, arithmetic, fixed-size bit-vectors,
arrays, quantifiers, and other useful first-order theories. Using SMT to express
different problems has important advantages over SAT. If one uses SAT, then,
for example, data must be encoded into a Boolean representation: a bit-vector
must be represented as just its individual bits. In contrast, an SMT encoding
can represent the bit-vector directly, and may be able to reason more efficiently
at the bit-vector level of abstraction, without resorting to bit-level reasoning.

3 Methodology

The main aim is to compare the existing SAT-based BMC algorithms with our
new SMT-based BMC techniques for the same models.

Implementations. The implementations are written in C++.

Scenarios and Benchmarks. In the area of formal verification it is customary
to use scalable benchmarks in order to demonstrate the effectiveness of verifica-
tion tools.

4 Conclusions

We proposed, implemented, and experimentally evaluated some SAT-based [4]
and SMT-based BMC approaches i.e. for WECTLK interpreted over the weighted
interpreted systems (extended abstract accepted for AAMAS 2015), for RTECTL
properties interpreted over the simply-time systems (accepted for DCAI 2015)
and for ECTL* [5] properties. We have compared our SMT-based BMC meth-
ods with the corresponding SAT-based BMC methods. The experimental results
show that the approaches are complementary. Also an observation of experimen-
tal results leads to the conclusion that the SAT-based BMC for uses less memory
comparing to the SMT-based BMC. This is a novel and interesting result, which
shows that the choice of the BMC method should depend on the considered
system.
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Abstract. In recent years, important results have been achived in
decision-making in uncertain environments, where actions have a direct
reward as well as long-term ramifications by bringing in additional in-
formation used to improve future decisions. We propose a line of work
where this exploration/exploitation tradeoff is applied to distributed set-
tings with interacting independent agents.

1 Introduction

Many agent-based applications need to interact with an uncertain environemt.
Whenever the environment state or even the dynamics of the interaction change,
the system needs to adapt. The tradeoff between (a) keeping the state informa-
tion and system model up-to-date and (b) to maximize short-term utility based
on current knowledge is nontrivial. Optimizaton in such settings is especially
difficult when actions need to be coordinated between independent agents.

2 Relevant Fields of Research

Decentralized Constraint Optimization The Max-Plus algorithm, an instance of
the Generalized Distributive Law family [6], is known to solve the Distributed
Constraint Optimization Problem (DCOP) of maximizing the summed utility
functions of interacting agents [4]. The graph-structure that encodes the utility
inter-dependencies between agents is also used for a range of additional applica-
tions relevant to this case, such as probabilistic [5] and causal [9] reasoning.

Exploration/Exploitation. Auer et al. [1] initially sought to minimize the regret
of actions in multi-armed bandit settings via the notion of an Upper Confidence
Bound (UCB). Since then, UCB-based techniques have been applied to solve
Markov Decision Problems (MDP) [3] and Partially Observable Markov Decision
Problems (POMDP) [10]. Some efforts were made to apply UCB to solving
� The work of Julius Pfrommer is partially supported by the BMBF (German Ministry
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general DCOP problems [8]. Recent of work has begun to apply DCOP in online
learning settings in stochastic environments based on reinforcement learning
[7] and game-theoretic extensions, based on the notion of potential games [2].
However, the authors mainly envisage decentralized sensing settings and do not
deal with acting agents, where the interaction between sensing, actuation and
learning further increases the optimization complexity.

3 Background and Research Goal
Recently, we developed a generalization of the well-known Max-Plus algorithm,
that can be used to exactly solve DCOP problems also in settings with cyclic
utility inter-dependencies between agents (publication pending, code and exam-
ples are available under https://github.com/jpfr/pygmalion). On the appli-
cation side, we develop a decentralized industrial control system as part of a
BMBF-funded project. It is intended to capture additional stochastic runtime
information that cannot be determined up front, such as energy consumption
and process yield. Our aim is to adapt our variation of Max-Plus to decentrally
optimize the overall system behavior in order to react to the learned system
dynamics and anticipated future learning opportunities.
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Abstract. This paper describes a study to develop an intelligent air
traffic ground control operation system that is able to integrate initiatives
from both controllers and autonomous vehicles. We use a multi-agent
approach to optimize dynamically a routing and scheduling task while
taking into account real-time human suggestions. We expect that such
mixed-initiative systems combined with autonomous vehicles will permit
reduction of congestion and fuel consumption in large airports.
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Air traffic control (ATC) ground operations consist of real-time, safe, and effi-
cient management of aircraft and vehicles on taxiways and runways. Ground op-
erations are characterized by unexpected events (e.g., infrastructure and aircraft
maintenance checks) which can require real-time reactions, making it difficult
to develop optimal and automatic schedules. It is not surprising that airports
have increasingly become a bottleneck within the air transportation network.
Reducing ground congestion by optimizing vehicle trajectories is necessary. The
ultimate aim of this study is not only to reduce delays, but also to improve safety
and to reduce fuel consumption.

While centralized approaches like mixed-integer linear programming (e.g., [1])
and genetic algorithm (e.g., [2]) have successfully solved such ground movement
problems, they are known for single-point failures and do not integrate human
initiative. Human initiative remains mandatory as the system needs human ex-
pertise and knowledge in many situations. For instance, the system could be
unaware of an unexpected taxiway closure and continue sending aircraft on this
taxiway. Multi-Agent Systems (MAS) are capable of supporting large scale dy-
namic environments and can integrate the constraints and objectives of the op-
erators by modeling agents starting from the natural description of the problem.
However, most research in MAS has focused on developing fully automatic al-
gorithms [3] [4].

The objective of this work is to build a decentralized multi-agent system that
can suggest routing solutions via a tactile interface to optimize dynamically a
routing and scheduling task while taking into account human suggestions in real
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time. This system is to be used in tandem with autonomous vehicles able to tow
an aircraft with its jet engines off.

Our contribution is threefold. First, a MAS has been developed for optimiza-
tion. This work is based on the delegate multi-agent pattern [5]. Combining
lightweight agents and heavyweight agents offers flexibility and scalability. A
reservation-based control mechanism [6] has been established for managing the
resources. In addition, resources adapt themselves to give priority to agents that
have difficulty reaching their goal.

Second, the MAS is integrated into the ATC ground operations problem and
is incorporating standard taxiway traffic flow and separation constraints. Each
taxiway is managed by a reservation planner, which estimates the duration of
an operation for a given arrival time, and vehicle speed using a constraint satis-
faction solver. Each vehicle dynamically updates its criticality (computed using
real waiting and taxiing times) and evaluates each possible trajectory by sending
exploration ants. The vehicles that have the ability to adjust their speeds build
a new feasible trajectory so as to avoid waiting time.

Third, the MAS dynamically takes into account human initiative. Operators
can suggest or impose new paths but the vehicle agents will continue to explore
other possibilities in order to be able to propose a better suggestion to the
controller at any time. Users can also designate priority usage between vehicles
for the taxiways. An experience database logs the user choices, and the MAS
uses it to adapt its next suggestions.

This system is currently being tested on a small environment involving inter-
sections and detaching stations. It will then be evaluated in the MoTa simulation
platform [7] (Roissy Charles de Gaulle Airport, Paris, France).
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1 Problem Statement 

From a psychological perspective, the construct of emotional intelligence (EI) is strictly 
related to the individual experience of emotions. Despite the several prominent theories 
emerged during the years [1,2,3], all authors recognize that emotional intelligence con-
cerns two main aspects of individual emotional experience: the faculty to recognize and 
control own emotions, and the ability to understand and influence what others feel. In this 
way, EI can be considered as a superior dimension useful to the perception, control and 
management of emotions: from an individual viewpoint (i.e. what particular emotion am 
I feeling in this moment?), as well as for the social dimension (i.e. what are others feeling 
right now?). In this way, the aim of the Ph.D. project is the development of agent-based 
models, especially in order to recreate the social mechanisms studied by social and or-
ganizational psychology (e.g. teamwork; competition and negotiation), able to take into 
account the individual differences related to the management of the emotional experienc-
es and affecting decision-making processes. 

2 Hypothesis 

We believe that the implementation of trait emotional intelligence inside agents endowed 
with beliefs, desires and intentions (BDI) can improve the capability of agent-based 
models to reproduce individual differences related with the emotional sphere. In this way, 
we suppose that simulations of social processes can unearth the dysfunctions that occa-
sionally are observed in real world within organizations (e.g. trigger off emotional dis-
tress to push out an individual perceived as a rival from an organization). 

3 Related Work 

An extensive book about how to model emotional intelligence has been published by 
Chakraborty and Konar [4]. The content follows the model of EI proposed by [1]: that is, 
a competency based approach. But, from a psychological perspective, when EI is con-
ceived as a competence (i.e. ability) it does not take into account the investigation of 
individual differences. Contrarily, it is possible to understand individual differences 
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among people when the EI is conceptualized as a stable trait of personality: coherently, 
the present project follows the trait emotional intelligence theory as proposed by Petrides 
[trait EI; 2]. More importantly, if we assume the competency approach, we have to as-
sume that EI is always adaptive. On the contrary, EI is not always adaptive, as confirmed 
by [5, p. 1356], “its adaptive value will vary depending on the context”.  

4 Proposal 

We propose to implement the concept of trait EI associating it with the agents' decision-
making processes in order to improve the complexity related to the individual differ-
ences: that is to say, modelling individual emotional differences. The proposal rely on 
BDI paradigm and try to connect it with trait emotional intelligence: precisely, the pre-
sent proposal does not want to focus on emotions as themselves, instead, it propose to 
model, what we can call, the “emotional management” part of an agent through the intro-
duction of trait EI into BDI paradigm. Whereas virtual emotions affect the beliefs of a 
virtual intelligent agent, the EI affect primarily agent's desires and intentions. Indeed, a 
BDI agent must follow different paths of action not only on the base of their affect 
(“states of mind”), but depending on several conditions related to management of indi-
vidual emotional experience, that is, its trait EI. For instance: (i) how the agent is good to 
recognize its own feeling? Could intervene some errors? In addition (ii) how the agent is 
skilled to predict the emotional consequences of its action in relation to others agents? 
We think that, from a modelling perspective, the first question could, for example, direct-
ly influences the agents’ “state of mind”, whereas the second one could determine its 
interaction ability defining in this way its action plan. 

5 Reflections 

As computational models are considered able to solve out contradictory theoretical issues 
[6], the hope is even to advance the knowledge regarding this psychological construct. EI 
is actually a highly discussed construct: therefore, we believe that psychological research 
could benefit from the methods provided by computer science in order to get closer to 
solve out the theoretical issues concerning emotional intelligence. 
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Abstract. This paper briefly discusses the state-of-the-art of e-noses and classi-
fiers used in analyzing the response data from E-Nose systems and presents an 
idea about how to face off this kind of problems using ensembles of classifiers.  

Keywords: E-Nose system, ensemble of classifiers.  

1 Introduction 

An E-Nose is an instrument used for the automated detection and classification of 
odors, vapors and gases, thus mimicking the human olfactory apparatus [3]. It is used 
in the perfumes, food, beverages and biomedical industries to classify various com-
plex odors. A general E-Nose system consists of a sample handling, a detection and a 
data processing system. After considering the samples and methods specifications for 
the sample handling, the detection system consists of an array of sensors and then the 
pattern recognition techniques for analyzing the response data generated by the detec-
tors [5]. In this paper, we revise the state-of-the-art about e-noses and the classifiers 
used in the existing e-noses. Then we obtain some preliminary conclusions and pro-
pose an ensemble of classifiers as an innovative technique for an e-nose system de-
veloped in Japan. 

2 Related Work 

Most of the applications for e-noses concentrate on four major areas; food, medical 
diagnosis, environmental monitoring and bio-process control [7]. Rodriguez et al. [6] 
used an A-Nose to discriminate Colombian coffee into simple and complex odors 
using PCA and MLP BPNN with LOO cross validation method. A portable e-nose 
Pen2  identified the quality grade of green tea by extracting feature vectors using PCA 
and validating using  LDA and BPNN [10]. It is possible to directly classify the sen-
sor data using BPNN only; using a TGS 800 series Smart E-Nose for controlling cof-
fee quality [8] but it leads to overfitting. It is also possible to extract features to reduce 
data dimension using PCA only without validating or using any supervised classifiers 
such as the work by Berna et al. [2], in comparing 2 e-noses for detecting changes in 
tomato aroma profiles of two different cultivars and a quartz crystal microbalance 
based e-nose for detection of bacterial contaminated milk [1]. However, Dutta et al. 
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[4] combined 3D-scatter plot, Fuzzy C Means, SOM for extracting features, and used 
MLP, PNN and RBF for classifying the 6 eye bacteria data. This proposal enhanced 
the performance of Cyranose 320 e-nose, but it can be very difficult to implement and 
incorporates a high degree of complexity. Chen et al. [3] employed a MDC with a 
combination of KNN, LDA and PNN, which provided an increased overall classifica-
tion accuracy compared to the use of any single individual classifier. 

3 Conclusions and Research Goal 

E-Noses mostly use feature extraction methods followed by a pattern recognition 
method. The typical feature extraction linear methods used are PCA, LDA and ICA 
[9]. The task of a classifier is to use the feature vector provided by the feature extrac-
tor to assign the object it represents to a category [7]. Currently, the existing E-Nose 
systems employ a feature extraction method followed by a single classifier for analyz-
ing the response data except for two cases where the feature extraction methods have 
been combined and an appropriate classifier that performs specifically better with the 
combination has been suggested in [3][4]. The methods proposed are also specific to 
the kind of odor that is being detected. Our aim is to propose an ensemble of classifi-
ers to analyze the response data, trying to take advantage of the combined responses 
of classifiers and focusing on a particular e-nose system created at the OIT in Japan. 
More specifically, we propose the use of MLP and SVM to explore the combination 
of different classifiers in an effective manner. 
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