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Preface
Artificial Intelligence is a branch of computer science that develops heuristic methods
for solving super-complex problems that cannot be solved by direct calculations or
mathematics methods. A large class of such problems is modeling human-like behavior such as ability to think, learn by example, doubt, act, see, and speak. Another class
are highly combinatorial optimization problems. Many of the methods suggested for
solving such problems have been influenced and inspired by nature, since many processes in nature involve huge number of participating entities—particles, living cells,
animals, etc.—interacting in a very complex manner.
In this year, we celebrate 50 years since foundation of Artificial Intelligence as a
ranch of sciences, as well as 20 years since foundation of the Mexican Society of Artificial Intelligence.
This volume presents 16 original research papers structured into eight thematic fields
representative of the main current areas of interest within the AI community: Knowledge Representation and Reasoning, Evolutionary Algorithms, Machine Learning and
Classification, Optimization Algorithms, Computer Vision, Agents, Intelligent Tutoring Systems and Dynamic Systems.
Total of 36 papers by 107 authors from 16 different countries where submitted for
evaluation; see Tables 1 and 2. Each submission was reviewed by three independent
members of the Editorial Board of the volume. This volume contains revised versions
of 16 papers, by 50 authors, selected for publication after thorough evaluation. Thus
the acceptance rate was 44.4%. In Table 1, the number of papers by country was calculated by the shares of all authors of the paper: e.g., if a paper has three authors: two
from Mexico and one from USA, then we incremented the counter for Mexico by
0.66 (two authors of three) and the counter for USA by 0.33. Table 2 presents the
statistics of papers by topics according to the topics indicated by the authors; note that
a paper can be assigned more than one topic.
The academic and editorial effort resulting in this volume was carried out in collaboration with, and was supported by, the Mexican Society for Artificial Intelligence (SMIA). We cordially thank all people involved in its preparation. In the first
place these are the authors of the papers constituting it: it is the excellence of their
Table 1. Statistics of submissions and accepted papers by country

Authors
Subm Accp
Australia
2
–
Brazil
3
3
Chile
3
3
China
23
5
Cuba
10
4
Germany 2
–
India
4
3
Israel
3
–
Country

Papers
Subm Accp
20
–0
1.2 1.20
00.99 0.99
08.66 1.99
20
10
00.66 –0
01.99 0.99
00.99 –0

Authors
Subm Accp
Japan
1
–
Macedonia 1
–
Malaysia
3
–
Mexico
33
19
Portugal
8
8
Spain
6
4
Turkey
4
–
UK
1
1
Total: 107
50
Country

Papers
Subm Accp
10
–0
00.33 –0
00.99 –0
09.66 5.99
1.8 1.80
01.66 10
10
–0
10
10
36
16

Table 2. Statistics of submitted and accepted papers by topic

Topic
Assembly
Belief Revision
Bioinformatics
Case–Based Reasoning
Common Sense Reasoning
Computer Vision
Data Mining
Expert Systems / KBS
Fuzzy logic
Genetic Algorithms
Hybrid Intelligent Systems
Intelligent Interfaces: Multimedia; Virtual
Reality
Intelligent Organizations
Intelligent Tutoring Systems
Knowledge Acquisition
Knowledge Management
Knowledge Representation
Knowledge Verification; Sharing; Reuse
Logic Programming
Machine Learning
Model-Based Reasoning
Multiagent systems and Distributed AI
Natural Language Processing / Understanding
Navigation
Neural Networks
Nonmonotonic Reasoning
Ontologies
Philosophical and Methodological Issues of AI
Planning and Scheduling
Qualitative Reasoning
Robotics
Spatial and Temporal Reasoning
Uncertainty / Probabilistic Reasoning
Other

Submitted
1
1
1
1
2
3
3
1
2
6
3

Accepted
–
–
–
1
1
2
2
–
–
3
1

1

1

3
4
2
3
5
1
4
4
3
4
1
1
6
2
2
1
5
1
3
2
2
4

1
2
1
1
3
–
1
3
1
2
–
–
4
–
–
–
3
1
2
1
1
2

research work that gives sense to the work of all other people involved. We thank the
members of the Editorial Board of the volume and additional referees. We express our
gratitude to Ángel Kuri, Héctor I. Ortiz Ortiz, Ernesto Daza Ramírez, Leoncio González Hernández, Roberto Acoltzi Nava, Nicolás Alonzo Gutiérrez, Orion Fausto
Reyes Galaviz, and Sulema Torres for their significant contribution at various stages
of preparation of the volume. The submission, reviewing, and selection process was
supported for free by the EasyChair system, www.EasyChair.org.
Alexander Gelbukh
Carlos Alberto Reyes García

November 2006
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Modeling a Decision Making Process in a Risk Scenario:
LOCA in a Nucleoelectric Plant Using Fuzzy Cognitive
Maps
Ana Lilia Lauren-Cruces1, Javier Ramírez-Rodríguez2, Martha Mora-Torres3 and
Gilberto Espinosa-Paredes4
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1,2

3

Posgrado de Ciencia e Ingeniería de la Computación del IIMAS-UNAM, Circuito Escolar
04510 Ciudad Universitaria.D.F., México
kabhun@yahoo.com.mx

Abstract. Decision making in a nucleoelectric plant is a complex process, due
to many elements involved in its operation, and the permanent attention
demanded by its maintenance. Presently, the decision making process in the
plant is analyzed and developed by a human operator, using diagrams whose
main characteristic is a linear representation of events within a scenario. That is
a slow process, and can lead to the generation of new failures. We propose the
development of an expert system that will help in the decision making, In this
paper our main objective will be the design of the of knowledge representation
and the design of reasoning through the latter. The dominion is located in the
failure events in a nuclear plant. To automate the decision making process, a
representation of knowledge is developed using Fuzzy Cognitive Maps (FCM),
which allow us to model an expert’s behavior, in decision making with
uncertainty.

1 Introduction
An important part of fuzzy logic and possibility theory is centered in aspects such as:
representation of knowledge, approximate reasoning and reasoning with uncertainty,
main topics of Artificial Intelligence [3].
Fuzzy control logic is very close to the experts’ spirit, and is known as artificial
intelligence–based control. A byproduct of this theory are fuzzy cognitive maps [4, 5].
Fuzzy cognitive maps are digraphs used to represent causal reasoning. The fuzzy
part allows us to have degrees of causality, represented as links between nodes of
these digraphs, also known as concepts. This structure allows the forward and
backward propagation of causality, allowing the knowledge base to increase when
© A. Gelbukh, C.A. Reyes-García. (Eds.)
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increasing nodes and links between them. Causality is represented as a fuzzy relation
between nodes. For this type of representation a causal algebra that allows the
implementing of this type of knowledge representation has been developed[7, 9, 12].
In a nuclear plant whose objective is to generate electric power, an important
feature could be some critical situations due to failures in control systems; in this case
the effects of mechanical and/or electrical failures of the different variables that keep
the reactor in operation must be attenuated, and and if equilibrium needs to be
restored through preventive decision making [10, 11, 13]. In this paper we use FCMs
to model the behavior of an expert in decision making [2].
In AI, there is a variety of techniques used for representing knowledge: production
rules, semantic networks, frameworks, scripts, statements logic and fuzzy cognitive
maps, among others [3]. The choice of a particular technique depends on two factors:
the nature of the application and the user’s choice. In this case, fuzzy cognitive maps
(FCMs) were chosen to represent behavior. The behavior to be modeled is centered in
the decision making process, whose reasoning implies to reach a predefined goal,
coming from one or more initial states; hence, the less number of transitions to reach
the final goal, the most efficient the reasoning system will be. Thus, increasing
efficiency implies to minimize intermediate states, and that is represented in the
organization of the knowledge base. The former is accomplished by a fast and
efficient implementation of the inference engine; in other words, the circuit between
perception and action is closed in a faster way [3]. Cognitive maps allow us to
represent many rules efficiently through links.
As a first step we must detect by means of a behavior analysis, the elements
generating that behavior and its process. Elements will be represented by nodes and
behavior by the links between this nodes [6, 8].

2 Fuzzy Cognitive Maps
Fuzzy cognitive maps (FCMs) comprise a new approach to the model of behavior and
operation of complex systems. They were introduced by Bart Kosko in 1986 to
describe the behavior of a system in terms of concepts and causal relations between
those concepts [4, 5, 7, 12].
FCMs are represented by a diagram, in which nodes are concepts describing the
main characteristics of the process, and the edges between the nodes establish causal
relations (positive or negative) between the concepts. This graphical representation
illustrates the influence that each one of the concepts has on the rest [7].
Concepts in a FCM are events, whose values change in time and originate in the
system. Concepts take values in the interval [0,1], and the interconnection weights in
the interval [-1,1] (see [2, 7]).
Positive causality implies a directly proportional relation1 between one concept and
the other, whereas the negative one implies an inversely proportional relation2 [2, 7].

1 A directly proportional relation between two elements means that if one increases its possibility of being present the other is
incremented proportionally. And if this possibility decreases in one of them, then the possibility of the other decreases proportionally.
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This qualitative approach allows observing the general behavior of the system.
However, quantification must be taking into account the causal relation in the map.
How much does a node cause another? This is where fuzzy logic proves its worth.
The state of a given node is derived from all the other nodes causing it. These
states are multiplied by the weight of the arc between the two nodes, and the sum is
used as the input of a threshold function, transmitting a non bound input in a bound
signal, which allows the comparison of nodes. Different threshold functions can be
used; in this paper the following logistic signal function is used [5]:

S ( x) =

3

1
1 + e − cx

(

)

(1)

Application case: Accident by Loss of Coolant (LOCA)

A small LOCA (Loss Of Coolant Accident) is a rupture in liquid flow, small enough
so that low capacity systems are sufficient to compensate the loss of coolant. The size
of this LOCA category can be approximated to a relief/security valve stuck in the
open position. Within this category are considered liquid leaks less than 0.004 sq. ft.
and vapor leaks less than 0.005 sq. ft. Arriving to this LOCA scenario implies an
initial failure of loss of coolant. Although LOCA’s have not happened in nuclear
plants according to operational experience, this kind of initiators scenarios are
examined because they represent a menace to the core integrity and to the primary
contention [1].

4 Elements of the Model of the HPCS System Within a Small
LOCA
The behavior model is conformed by 6 elements, and this model is inspired in the
physical system of Fig. 1: a) A1 (Reactor valve failure); b) A2 (Tank valve failure);
c) M (Pool manual valve failure); d) B (Pump failure); e) HPCS operational; f) Vessel
in good condition.
The reactor valve allows feeding water from the deposits (tank and pool) to keep a
stable temperature of the reactor by means of cooling it when its temperature
surpasses acceptable levels. Besides, this valve, given the relation existing between
the variables temperature and pressure, also influences the keeping of pressure inside
the reactor vessel. Because of the former, a reactor valve failure (A1) becomes a first
order failure3, and thus leaves the High Pressure Core Spray (HPCS) cooling system
inoperative, which consequently leaves the vessel in a bad condition.
2 An inversely proportional relation between two elements means that if the possibility of one of them being present increases, then the
possibility of the second element decreases proportionally; and again, if the possibility of one decreases then the possibility of the second
element increases proportionally.
3 First order failure: one whose effect causes a total failure of the system, leaving it non operational.
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The tank valve (Tx Valve) allows feeding water from this deposit (Tx) to the
reactor, and so it is part of the cooling system; in other words, if a tank valve failure
(A2) is present, this affects the operation of the HPCS system. However, this relation
is not determining, because the tank is not the only deposit available to supply the
water necessary to keep the HPCS system operational.
The pool valve (Ax Valve) allows feeding water from the second deposit (Pool)
available to the cooling system towards the reactor. Hence, a pool valve failure (M)
affects the operation of the HPCS system, and, like the former relation, it does not so
in a determining way, since the pool is not the only deposit available to supply the
water necessary to keep the HPCS system operational.
The pump allows the suction of water from any of the two deposits available for
the HPCS system to provide the necessary cooling, and then a pump failure (B) first
order one, it affects the reactor directly.
The operation of the HPCS system is the main element of the model, it has a
positive effect on the objective element, that is, to keep the vessel in good condition.
The rest of the elements of this system: pump and valves, contribute to keep the
HPCS system in good working order, and hence a failure in such elements affects the
overall operation of the system.
The good condition of the vessel implies a reactor operating properly, and this state
is directly dependent on the operation of the HPCS system, which means a correct
operation of the pump and the valves contained in the system.
Fig. 1 shows in a general way the operation of a nucleoelectric plant: generating
electric power by means of the vapor obtained from the heating of water by the
reactor nucleus.
Keeping the reactor operation in a failure scenario implies the activation of the
systems attenuating such a failure scenario [1, 10, 11].
In our model, the attenuating system is the HPCS and the failure scenario is the
loss of coolant (known as small LOCA) [1].

Figure 1. Operation of a nucleoelectric plant.

Our proposal associates to each possible event a possibility allowing us to make a
decision based on the state of the parameters that are part of the different starting
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events, that is, the possible paths generated within the Small LOCA scenario. For that
purpose, a representative set is implemented and analyzed (Fig. 1). The fuzzy
cognitive map and the relations established between the different elements can be
examined in Fig.2 .

Figure 2. Fuzzy Cognitive Map of a representative set for the Small LOCA scenario.

4.1 A1 (Reactor Valve Failure)
•

•
•
•

Once the event A1 is present, all that happens with A2 or M does not matter,
because it is a first order failure, which implies affecting the system globally. In
this case, the relation with those failures (A2 or M) is an excluding one (-1), i.e.,
once the system fails, the effect of either A2 or M does not contribute to the
system failure, and they are excluded.
With regard to event B, this is independent (0). In this case, the fact that A1 is
present does not affect B
As for the operation of the HPCS system, this is in an inversely proportional
relation (-1) with event A1.
The relation between A1 and the event of the vessel being in good condition, is
inversely proportional (-1).

4.2 A2 (Tank Valve Failure)
•
•
•

The fact that event A2 is present, has no positive or negative effect on M (0).
The fact that A2 is detected implies that there is no first order failure, for
otherwise the effect of event A2 would have no importance, being excluded.
Hence, the relation with events A1 and B is an excluding one (-1).
The relation of event A2 with the fact that the HPCS system is in operation, has a
possibility of (-0.5), although it is not determinant, for even, if event A2 were
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•

present, the HPCS system could continue its operation, as long as events M, A1
and B are not present.
With regard to the vessel condition, the effect can be negative if A2 is combined
with event M, but it could be positive if event M is not present, and thus the
resultant effect would be indifferent (0).

4.3 M (Manual Pool Valve Failure)
•
•
•

•

The fact that event M is present has no positive or negative effect on A2 (0).
The fact that event M is detected implies that there is no first order failure,
because if there were, the effect of M would have no importance, being excluded.
Thus the relation with A1 and B is an excluding one -1).
There is a relation between event M and the operation of the HPCS system,
although it is not determinant (-0.5), because, even if event M were present, the
HPCS system could continue in operation if event A2 were not present, which
implies that neither A1 nor B are present.
The effect of failure M on the good condition of the vessel can be negative if it is
combined with event A2, and positive if event M is not present, and thus the total
effect is indifferent (0).

4.4 B (Pump Failure)
•
•
•
•

Event B is independent of event A1 (0), which implies that whether event A1 is
present or not, it has no influence, since the HPCS system would have already
failed upon the presence of event B.
The relation between event B and failures A2 and M is excluding (-1); i.e., once
the event B is present, events A2 and M do not contribute further to the overall
effect on the system, since the HPCS system would be automatically inoperative.
The relation of event B with respect to the operation of the HPCS system is
inversely proportional (-1).
The relation of event B with regard to the fact that the vessel is in good condition,
is inversely proportional (-1).

4.5 When the HPCS is Operational
•
•

The relation of this event respective to any of the failure events is inversely
proportional (-1).
With regard to the vessel being in good condition, this is directly proportional
(1), because for a good operation of the HPCS system, the vessel must be in good
condition.

Modeling a Decision Making Process in a Risk Scenario...
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4.6 When the Vessel is in Good Condition
•
•

The relation of this event respective to any of the failure events is inversely
proportional (-1).
With regard to the operation of the HPCS system, the relation is directly
proportional (1), because if the vessel is in good condition, then the HPCS system
is operational.

5 Tests and their Interpretation
In the next section, we give a detailed account of the tests made with the fuzzy
cognitive map presented in Fig. 2, which are represented in the following matrix:
Table 1. Matrix for the HPCS System in the LOCA scenario

A1
A2
M
B
HPCS
Vessel

A1

A2

M

B

HPCS

Vessel

0.000000
-1.000000
-1.000000
0.000000
-1.000000
-1.000000

-1.000000
0.000000
0.000000
-1.000000
-1.000000
-1.000000

-1.000000
0.000000
0.000000
-1.000000
-1.000000
-1.000000

0.000000
-1.000000
-1.000000
0.000000
-1.000000
-1.000000

-1.000000
-0.500000
-0.500000
-1.000000
0.000000
1.000000

-1.000000
0.000000
0.000000
-1.000000
1.000000
0.000000

Table 2. First scenario, with event A1 present (reactor valve failure).The result is a scenario
with failing HPCS system and vessel malfunction present.

Vi
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
Vf

A1
1
0.500000
0.466586
0.467376
0.454598
0.455342
0.449336
0.449907
0.446845
0.447249
0.445627
0.445900
0.445023
0.445201
0.444722

A2
0
0.006693
0.006262
0.008715
0.008420
0.009557
0.009367
0.009944
0.009824
0.010131
0.010055
0.010222
0.010175
0.010266
0.010238

M
0
0.006693
0.006262
0.008715
0.008420
0.009557
0.009367
0.009944
0.009824
0.010131
0.010055
0.010222
0.010175
0.010266
0.010238

B
0
0.500000
0.466586
0.467376
0.454598
0.455342
0.449336
0.449907
0.446845
0.447249
0.445627
0.445900
0.445023
0.445201
0.444722

HPCS
0
0.006693
0.006693
0.009354
0.009293
0.010565
0.010496
0.011148
0.011090
0.011436
0.011393
0.011580
0.011550
0.011652
0.011633

Vessel
0
0.006693
0.006919
0.009638
0.009689
0.010992
0.010980
0.011648
0.011620
0.011974
0.011946
0.012137
0.012115
0.012219
0.012204
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Table 3. Second scenario, with event A2 (tank valve failure) present. The result is a correct
operation of the HPCS system and the vessel.

Vi
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
Vf

A1
0
0.006693
0.000378
0.003010
0.000091
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

A2
1
0.500000
0.049915
0.004930
0.000093
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

M
0
0.500000
0.049915
0.004930
0.000093
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

B
0
0.006693
0.000378
0.003010
0.000091
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

HPCS
0
0.075858
0.483274
0.933015
0.989378
0.992970
0.993063
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068

Vessel
0
0.500000
0.577462
0.917782
0.990387
0.992938
0.993066
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069

Table 4. Third scenario, with event M (pool valve failure) present. The result is a correct
operation of the HPCS system and the vessel..

Vi
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
Vf

A1
0
0.006693
0.000378
0.003010
0.000091
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

A2
0
0.500000
0.049915
0.004930
0.000093
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

M
1
0.500000
0.049915
0.004930
0.000093
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

B
0
0.006693
0.000378
0.003010
0.000091
0.000050
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049
0.000049

HPCS
0
0.075858
0.483274
0.933015
0.989378
0.992970
0.993063
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068
0.993068

Vessel
0
0.500000
0.577462
0.917782
0.990387
0.992938
0.993066
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069
0.993069
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Table 5. Fourth scenario, with event B (pump failure) present. The result is the failure of the
HPCS system and a vessel malfunction.

Vi
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
Vf

A1
0
0.500000
0.466586
0.467376
0.454598
0.455342
0.449336
0.449907
0.446845
0.447249
0.445627
0.445900
0.445023
0.445201
0.444722

A2
0
0.006693
0.006693
0.006262
0.008715
0.008420
0.009557
0.009367
0.009944
0.009824
0.010131
0.010055
0.010222
0.010175
0.010266

M
0
0.500000
0.006693
0.006262
0.008715
0.008420
0.009557
0.009367
0.009944
0.009824
0.010131
0.010055
0.010222
0.010175
0.010266

B
1
0.006693
0.466586
0.467376
0.454598
0.455342
0.449336
0.449907
0.446845
0.447249
0.445627
0.445900
0.445023
0.445201
0.444722

HPCS
0
0.006693
0.006693
0.009354
0.009293
0.010565
0.010496
0.011148
0.011090
0.011436
0.011393
0.011580
0.011550
0.011652
0.011633

Vessel
0
0.006693
0.006919
0.009638
0.009689
0.010992
0.010980
0.011648
0.011620
0.011974
0.011946
0.012137
0.012115
0.012219
0.012204

Table 6. Fifth scenario, with events A2 (valve tank failure) and M (pool valve failure) present.
The result is the failure of the HPCS system and a vessel malfunction..

Vi
V1
V2
V3
V4
V5
V6
V7
V8
Vf

A1
0
0.000045
0.006690
0.006273
0.008049
0.007802
0.008354
0.008238
0.008419
0.008370

A2
1
0.500000
0.499830
0.474932
0.476229
0.469505
0.470339
0.468245
0.468652
0.467969

M
1
0.500000
0.499830
0.474932
0.476229
0.469505
0.470339
0.468245
0.468652
0.467969

B
0
0.000045
0.006690
0.006273
0.008049
0.007802
0.008354
0.008238
0.008419
0.008370

HPCS
0
0.000045
0.006691
0.006485
0.008329
0.008153
0.008729
0.008635
0.008822
0.008779

Vessel
0
0.000045
0.006691
0.006485
0.008329
0.008153
0.008729
0.008635
0.008822
0.008779

The interpretation of the results considers the following rounding off:
0.011633, 0.012204 and 0.008779 are taken as 0.
0.993068 and 0.993069 are taken as 1.
Where:
0 means the absence of an element, or either its opposite effect.
1 means the element is present.
These results were compared with an expert’s analysis; all of them were congruent.
Other tests were performed, like considering: “HPCS operational” or “vessel in good
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condition”, or “HPCS and Vessel operational”, the results were, as should be
expected, “HPCS and vessel functioning correctly” in all of them.

6 Conclusions
Fuzzy cognitive maps allow handling the complexities of failure analysis in the
system operation, involving all the elements of the system considered as a whole,
especially if we compare it with the traditional failure trees method used by the
expert, where each element of the system is considered individually in the reasoning
process.
The interpretation of the results obtained helps, in an automatic fashion, to the
supervisor in charge of overseeing the plant performance to make decisions about
critical situations. This point is of paramount importance when the available
information is so extensive as to make difficult making an adequate decision. With
the interpretation of the results obtained in real time according to the present state of
the plant, they will allow to make a faster and more reliable decision.
The challenge will be to model most of the systems intervening in the plant
operation, to have all the time assistance to make decisions automatically.
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A Versatile Characterization of Causal Relationships
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Abstract. This paper introduces a framework for representing versatile
temporal relationships between events and their effects. The framework is
based on a simple time model which characterizes each time element as a
subset of the set of real numbers and allows expression of both absolute time
values and relative temporal relations. The formalism presented here formally
specifies the so-called most general temporal constraint (GTC), which
guarantees the common-sense assertion that “the beginning of the effect cannot
precede the beginning of the cause”. It is shown that there are in fact 8 possible
causal relationships which satisfy GTC, including cases where, on the one
hand, effects start simultaneously with, during, immediately after, or some time
after their causes, and on the other hand, events end before, simultaneously
with, or after their causes. The causal relationships characterized in this paper
are versatile enough to subsume those representatives in the literature.

1 Introduction
Representing and reasoning about events and their effects is essential in modeling the
dynamic aspects of the world. Over the past 40 decades, a multitude of alternative
formalisms have been proposed in this area, including McCarthy and Hayes’
framework of the situation calculus [17, 18], McDermott’s temporal logic [19],
Allen’s interval based theory [1, 2], Kowalski and Sergot’s event calculus [11],
Shoham’s point-based reified logic and theory [26, 27], and Terenziani and Torasso’s
theory of causation [28]. In particularly, noticing that temporal reasoning plays an
important role in reasoning about actions/events and change, a series of revised
formalisms have been introduced to characterize richer temporal features in the
situation calculus or the event calculus, such that of Lifschitz [12], of Sandewall
[23], of Schubert [24], of Gelfond et al. [10], of Lin and Shoham [13], of Pinto and
Reither [21, 22], of Miller and Shanahan [20, 25], and of Baral et al. [5, 6, 7].
In most existing formalisms for representing causal relationships between events
and their effects, such as the situation calculus and the event calculus, the result of an
event is represented by the effect takes place immediately after the occurrence of the
event. However, as noted by Allen and Ferguson [3], temporal relationships between
events and their effects can in fact be quite complicated. In some cases, the effects of
an event take place immediately after the end of the event and remain true until some
further events occur. E.g., in the block-world, as soon as the action “moving a block
from the top of another block onto the table” is completed, the block being moved
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should be on the table (immediately). However, sometimes there may be a time delay
between an event and its effect(s). E.g., 30 seconds after you press the button at the
crosswalk, the pedestrian light turns to green [10]. Also, in some other cases, the
effects of an event might start to hold while the event is in progress, and stop holding
before or after the end of the event. Examples can be found later in the paper.
The objective of this paper is to propose a framework, which allows expression of
versatile temporal causal relationships between events and their effects. As the
temporal basis for the formalism, a simple point-based time model is presented in
section 2, allowing expression of both absolute time values and relative temporal
relations. In section 3, fluents and states are associated with times in the manner of
temporal reification [16, 26]. Section 4 deals with representation of event/action and
change, as well as temporal constraints on the causal relationships between events
and their effects. Finally, section 5 concludes the paper.

2

A Simple Time Model

In what follows in this paper, we shall use R to denote the set of real numbers, and T,
the set of time elements. Each time element t is defined as a subset of R and must be
in one of the following four forms:
(p1, p2) = {p | p∈R ∧ p1 < p < p2}
[p1, p2) = {p | p∈R ∧ p1 ≤ p < p2}
(p1, p2] = {p | p∈R ∧ p1 < p ≤ p2}
[p1, p2] = {p | p∈R ∧ p1 ≤ p ≤ p2}
In the above, p1 and p2 are real numbers, and we shall call them the left-bound and
right-bound of time element t, respectively. The absolute values as for the left and/or
right bounds of some time elements might be unknown. In this case, real number
variables are used for expressing relative relations to other time elements.
In this paper, if the left-bound and right-bound of time element t are the same, we
shall call t a time point, otherwise t is called a time interval. Without confusion, we
shall take time element [p, p] as identical to p. Also, if a time element is not specified
as open or closed at its left (right) bound, we shall use “<” instead of “(” and “[” as
for its left bracket; similarly, we shall use “>” instead of “)” and “]” as for its right
bracket. In addition, we define the duration of a time element t, Dur(t), as the distance
between its left bound and right bound. In other words:
(2.1) t = <p1, p2> ⇒ Dur(t) = p2 – p1
Following Allen’s terminology [1], we shall use Meets to denote the immediate
predecessor order relation over time elements:
(2.2) Meets(t1, t2) ⇔ ∃p1,p,p2∈R(t1 = <p1, p) ∧ t2 = [p, p2> ∨ t1 = <p1, p] ∧ t2 = (p, p2>)
It is easy to see that the intuitive meaning of Meets(t1, t2) is that, on the one hand,
time elements t1 and t2 don’t overlap each other (i.e., they don’t have any part in
common, not even a point); on the other hand, there is not any other time element
standing between them.
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N.B. For any two time elements t1 and t2 such that Meets(t1, t2), t1 and t2 define a
unique time element as the “ordered-union” of t1 and t2, denoted as t1⊕t2.
Analogous to the 13 exclusive relations introduced by Allen for intervals [1, 2], in
this paper, we shall use TR to denote the set of exclusive temporal order relations over
time elements including both time points and time intervals:
TR = {Equal, Before, After, Meets, Overlaps, Overlapped-by, Met-by,
Starts, Started-by, During, Contains, Finishes, Finished-by}
It is important to note that, for a given pair of time elements, some of the relations in
TR may be non-applicable. In fact, when the pair of time elements, t1 and t2, are
specified as a point and a point, a point and an interval, an interval and a point, and an
interval and an interval, respectively, all the exclusive temporal order relations
between t1 and t2 can be classified into the following four groups, which we shall call
the Comprehensive Temporal Order Relations (CTOR):
•
•
•
•

3 relations relating a point to a point:
{Equal, Before, After}
7 relations relating a point to an interval:
{Before, After, Meets, Met-by, Starts, During. Finishes}
7 relations relating an interval to a point:
{Before, After, Meets, Met-by, Started-y, Contains, Finished-by}
13 relations relating an interval to an interval:
{Equal, Before, After, Meets, Met-by, Overlaps, Overlapped-by, Starts,
Started-by, During, Contains, Finishes, Finished-by}

The definition of the derived temporal order relations in terms of the single relation Meets
is straightforward [4]. In fact:
Equal(t1, t2) ⇔ ∃t’,t’’∈T(Meets(t’, t1) ∧ Meets(t’, t2) ∧ Meets(t1, t’’) ∧ Meets(t2, t’’))
Before(t1, t2) ⇔ ∃t∈T(Meets(t1, t) ∧ Meets(t, t2))
Overlaps(t1, t2) ⇔ ∃t,t3,t4∈T(t1 = t3 ⊕ t ∧ t2 = t ⊕ t4)
Starts(t1, t2) ⇔ ∃t∈T(t2 = t1 ⊕ t)
During(t1, t2) ⇔ ∃t3,t4∈T(t2 = t3 ⊕ t1 ⊕ t4)
Finishes(t1, t2) ⇔ ∃t∈T(t2 = t ⊕ t1)
After(t1, t2) ⇔ Before(t2, t1)
Overlapped-by(t1,t2) ⇔ Overlaps(t2, t1)
Started-by(t1, t2) ⇔ Starts(t2, t1)
Contains(t1, t2) ⇔ During(t2, t1)
Finished-by(t1,t2) ⇔ Finishes(t2,t1),
Met-by(t1,t2) ⇔ Meets(t2,t1)
For the convenience of expression, we define two non-exclusive temporal relations as
below:
In(t1, t2) ⇔ Starts(t1, t2) ∨ During(t1, t2) ∨ Finishes(t1, t2)
Sub(t1, t2) ⇔ Equal(t1, t2) ∨ In(t1, t2)
Another important fact needs to be pointed out is that the distinction between the
assertion that “point p Meets interval t” and the assertion that “point p Starts interval t” is
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critical: while Starts(p, t) states that point p is the starting part of interval t, Meets(p, t)
states that point p is one of the immediate predecessors of interval t but p is not a part of t
at all. In other words, Starts(p, t) implies interval t is left-closed at point p, and Meets(p, t)
implies interval t is left-open at point p. Similarly, this applies to the distinction between
the assertion that “interval t is Finished-by point p” and the assertion that “interval t is
Met-by point p”, i.e., Finished-by(t, p) implies interval t is right-closed at point p, and
Met-by(t, p) implies interval t is right-open at point p.
As mentioned earlier, the simple point-based time model introduced here allows the
openness (or closeness) of some interval at their left and/or right bounds to be
unspecified. Such an approach provides a satisfactory representation of possibly
incomplete relative temporal knowledge, and hence retains the appealing characteristics
of interval-based [1], and point&interval-based [15] temporal systems. Specially, it can
successfully bypass puzzles like the so-called Dividing Instant Problem [1, 8, 9, 14, 29].

3

Fluents and States

Representing the dynamic aspects of the world usually involves reasoning about
various states of the world under consideration. In this paper, we shall define a state
(denoted by, possibly scripted, s) of the world in the discourse as a collection of
fluents (denoted by, possibly scripted, f), where a fluent is simply a Boolean valued
proposition whose truth-value is dependent on the time.
The set of fluents, F, is defined as the minimal set closed under the following two
rules:
(3.1) f1, f2∈F ⇒ f1∨ f2∈F
(3.2) f∈F ⇒ not(f)∈F
In order to associate a fluent with a time element, we shall use Holds(f, t) to denote
that fluent f holds true over time t.
As pointed out by Allen and Ferguson [3], as well as by Shoham [26], there are
two ways we might interpret the negative sentence. In what follows, the sentencenegation will be symbolized “¬”, e.g., ¬Holds(t, f), distinguished from the negation of
fluents, e.g., not(f) [9]. In the weak interpretation, ¬Holds(t, f) is true if and only if it
is not the case that f is true throughout t, and hence ¬Holds(t, f) is true if f changes
truth-values over time t. In the strong interpretation of negation, ¬Holds(t, f) is true if
and only if f holds false throughout t, so neither Holds(t, f) nor ¬Holds(t, f) would be
true in the case that fluent f is true over some sub-interval of t and also false over
some other sub-interval of t.
In this paper, we take the weak interpretation of negation as the basic construct:
(3.3) Holds(f, t) ⇒ ∀t’(Sub(t’, t) ⇒ Holds(f, t’))
That is, if fluent f holds true over a time element t, then f holds true over any part of t.
(3.4) Holds(f1∨ f2, t) ⇔ Holds(f1, t) ∨ Holds(f2, t)
That is, if fluent f1 or fluent f2 holds true over time t, then at least one of them holds
true over time t.
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(3.5) Holds(f, t1) ∧ Holds(f, t2) ∧ Meets(t1, t2) ⇒ Holds(f, t1⊕t2)
That is, if fluent f holds true over two time elements t1 and t2 that meets each other,
then f holds over the ordered-union of t1 and t2.
Following the approach proposed in [25], we use Belongs(f, s) to denote that
fluent f belongs to the collection of fluents representing state s:
(3.6) s1 = s2 ⇔ ∀f(Belongs(f, s1) ⇔ Belongs(f, s2))
That is, two states are equal if and only if they contain the same fluents.
(3.7) ∃s∀f(¬Belongs(f, s))
That is, there exists a state that is an empty set.
(3.8) ∀s1f1∃s2(∀f2(Belongs(f2, s2) ⇔ Belongs(f2, s1) ∨ f1 = f2))
That is, any fluent can be added to an existing state to form a new state.
Without confusion, we also use Holds(s, t) to denote that state s holds true over
time t, provided:
(3.9) Holds(s, t) ⇔ ∀f(Belongs(f, s) ⇒ Holds(f, t))

4

Events, Effects and Causal Relationships

The concepts of change and time are deeply related since changes are caused by
events occurring over the time. In order to express the occurrence of events (denoted
by e, possibly scripted), following Allen’s approach [2], we use Occur(e, t) to denote
that event e occurs over time t, and impose the following axiom:
(4.1) Occur(e, t) ⇒ ∀t’(In(t’, t) ⇒ ¬Occur(e, t’))
We shall use formula Changes(t1, t, t2, s1, e, s2) to denote a causal law, which
intuitively states that, under the precondition that state s1 hold over time t1, the
occurrence of event e over time t will change the world from state s1 into state s2,
which holds over time t2. Formally, we impose the following axiom about causality to
ensure that if the precondition of a causal law holds and the event happens, then the
effect expected to be caused must appear:
(4.2) Changes(t1, t, t2, s1, e, s2) ∧ Holds(s1, t1) ∧ Occur(e, t) ⇒ Holds(s2, t2)
In order to characterize temporal relationships between events and their effects, we
impose the following temporal constraints:
(4.3) Changes(t1, t, t2, s1, e, s2) ⇒ Meets(t1, t) ∧ (Meets(t1, t2) ∨ Before(t1, t2))
It is important to note that axiom (4.3) presented above actually specifies the socalled (most) general temporal constraint (GTC) (see [2, 19, 27, 28]). Such a GTC
guarantees the common-sense assertion that “the beginning of the effect cannot
precede the beginning of the cause”.
There are in fact 8 possible temporal order relations between times t1, t and t2
which satisfy (4.3). These are illustrated in Figure 1 as below:
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Figure 1. Temporal order relations between times t1, t and t2 which satisfy (4.3).

• Case (A) where the effect becomes true immediately after the end of the event and
remains true for some time after the event. E.g., the event of putting a book on the
table has the effect that the book is on the table immediately after the event is
completed.
• Case (B) where the effect holds only over the same time over which the event is in
progress. E.g., as the effect of the event of pressing the horn of a car, the horn
makes sounds only when the horn is being pressed.
• Case (C) where the beginning of the effect coincides with the beginning of the
event, and the effect ends before the event completes. E.g., consider the case
where a landmine is set on the first half of a bridge. If someone is walking
through the bridge, he will be in danger just over the first half of the bridge
crossing.
• Case (D) where the beginning of the effect coincides with the beginning of the
event, and the effect remains true for some time after the event. E.g., as the effect
of the event of pressing the button of the bell on the door (say, for one second),
the bell sounds a tune for fifteen seconds.
• Case (E) where the effect only holds over some time during the progress of the
event. E.g., he goes through a wall of tiredness over the fiftieth minute of the
event of running for four hours.
• Case (F) where the effect becomes true during the progress of the event and
remains true until the event completes. E.g., consider the event of discharging
some water from a basket by means of lifting one side of the basket. In the case
where the basket is not full, the effect that the water flows out takes place only
after it has been lifted to the edge of the basket, and will keep flowing out until the
event ends.
• Case (G) where the effect becomes true during the progress of the event and
remains true for some time after the event. E.g., he becomes tired for days after
the thirtieth minute of the event of running along the track for three hours.
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• Case (H) where there is a time delay between the event and its effect. E.G., 25
seconds after the button at the crosswalk is pressed, the pedestrian light turns to
yellow; and after another 5 seconds, it turns to green.
As mentioned in the introduction, various theories have been proposed for
representing and reasoning about action/event and change. However, the temporal
causal relationships between events and their effects as specified in most of the
existing formalism are quite limited. An exception is the relatively general theory of
Time, Action-Types, and Causation, introduced by Terenziani and Torasso’s in the
middle of last 90s [28]. Due to the limit to the length of the paper, in what follows, we
shall briefly demonstrate that the causal relationships characterized in this paper are
more general than that of Terenziani and Torasso, and therefore versatile enough to
subsume those representatives in the literature. In fact:
If t and t2 are specified as a point and a point, a point and an interval, an interval
and a point, and an interval and an interval, respectively, by applying the CTOR as
classified in section 2, we can reach the following four theorems straightforwardly:
(Th1) Changes(t1, t, t2, s1, e, s2) ∧ Dur(t) = 0 ∧ Dur(t2) = 0
⇒ Equal(t, t2) ∨ Before(t, t2)
That is, if the event and the effect are both punctual, then either the event precedes
(strictly) the effect, or they coincide with each other (i.e., they happens
simultaneously at the same time point).
(Th2) Changes(t1, t, t2, s1, e, s2) ∧ Dur(t) = 0 ∧ Dur(t2) >0
⇒ Starts(t, t2) ∨ Meets(t, t2) ∨ Before(t, t2)
That is, if the event is punctual and the effect is durative, then either the event
precedes (immediately or strictly) the effect, or the event coincides with the
beginning of the effect.
(Th3) Changes(t1, t, t2, s1, e, s2) ∧ Dur(t) > 0 ∧ Dur(t2) = 0
⇒ Started-by(t, t2) ∨ Contains(t, t2)
∨ Finished-by(t, t2) ∨ Meets(t, t2) ∨ Before(t, t2)
That is, if the event is durative and the effect is punctual, then either the event
precedes (immediately or strictly) the effect, or the effect coincides with either the
beginning or the end of the event, or the effect happens during the event’s
occurrence.
(Th4) Changes(t1, t, t2, s1, e, s2) ∧ Dur(t) > 0 ∧ Dur(t2) > 0
⇒ Started-by(t, t2) ∨ Contains(t, t2) ∨ Finished-by(t, t2) ∨ Equal(t, t2)
∨ Starts(t, t2) ∨ Overlaps(t, t2) ∨ Meets(t, t2) ∨ Before(t, t2)
That is, if both the event and the effect are durative, then the beginning of the event
either precedes (immediately or strictly) or coincides with the beginning of the effect,
where the end of the event can either precedes (immediately or strictly), coincides
with, or succeeds (immediately or strictly) the end of the effect.
It is easy to see that (Th1) and (Th4) are equivalent to Terenziani and Torasso’s
Theorem 4 (p.541, [28]) and Theorem 1 (p.540, [28]), respectively, while (Th2) and
(Th3) can be seen as the extension to Terenziani and Torasso’s Theorem 3 and
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Theorem 2 (p.541, [28]), respectively. This is due to the fact that, while the “Meets”
relation between a punctual event and a durative effect, and between a durative event
and a punctual effect, is accommodated in (Th2) and (Th3), respectively, Terenziani
and Torasso’s Theorem 3 and Theorem 2 do not allow such relations.
In fact, follow Terenziani and Torasso’s Theorem 3, either there must be a gap
between the punctual cause and its durative effect, or the punctual cause must
coincide with the beginning part of its durative effect. In other words, the interval
over which the effect happens must be either “After” or “closed at” the point at which
the cause happens. Therefore, the case where a punctual cause “Meets” its durative
effect (that is, the interval over which the effect happens is “open” at the point at
which the cause happens) is not allowable. However, consider the following example:
Immediately after the power was switched on, a robot that had been stationary
started moving.
If we use sStationary to represent the state that “the robot was stationary, eSwitchOn to
represent the event that “the power was switched on”, and sMoving to represent the
corresponding effect that “the robot was moving”, then
Changes(tStationary, tSwitchOn, tMoving, sStationary, eSwitchOn, sMoving)
should be consistent with:
Meets(tSwitchOn, tMoving)
That is, the “Switching” point tSwitchOn is immediately followed by the “Moving”
interval, but not included in the “Moving” interval itself. In other word, the robot was
moving immediately after the “Switching” point tSwitchOn, but at the time point when
the power was switching on, the robot was not moving. Obviously, such a scenario
cannot be expressed in Terenziani and Torasso’s Theorem 3.
Similarly, in Terenziani and Torasso’s Theorem 2, the case where a durative event
“Meets” its punctual effect (that is, the interval over which the cause happens is
“open” at the point at which the effect happens) is not allowable. Then again,
consider the following example:
Immediately after the ball being falling down from the air, it touched the ground.
If we use sInAir to represent the precondition that “the ball was at a certain position in
the air”, eFallingDown to represent the event that “the ball was falling down”, and
sTouchGround to represent effect that “the ball touched the ground”, respectively, then
Changes(tInAir, tFallingDown, tTouchGround, sInAir, eFallingDown, sTouchGround)
should be consistent with:
Meets(tFallingDown, tTouchGround)
That is, the interval over which the ball was falling down is immediately followed by
the point when the ball touched the ground, but does not include the point itself. In
other word, the ball was falling down immediately before the instant when it touched
the group, but at the time point when the ball touched the ground, the ball was no
longer falling down. Again, such a scenario is not allowed in Terenziani and
Torasso’s Theorem 2.

A Versatile Characterization of Causal Relationships

5

23

Conclusions

Based on a simple point-based time model which allows expression of both absolute
time values and relative temporal relations, we have presented in this paper a
framework for representing flexible temporal causal relationships. The formalism
presented here formally specifies the most general temporal constraint (GTC),
ensuring the common-sense assertion that “the beginning of the effect cannot precede
the beginning of the cause”. It is shown that the causal relationships characterized here
are versatile enough to subsume those representatives in the literature. Ideally, any
useful theory about action/event and change has to be able to handle the frame
problem adequately. However, due to the length of this paper, we didn’t tackle such a
problem. An interesting topic for further research is to extend this framework to
include representing and reasoning about concurrent actions/events and their effects.
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Abstract. The simultaneous localization and mapping problem with
evolutionary computations is translated to a multi-objective optimization
problem since it possesses of characters of multi-objective at a certain extent,
and in order to efficiently solve the simultaneous localization and mapping
problem, a local searcher with immunity is constructed. The local searcher
employs domain knowledge, which is named as key point grid which is
developed in the paper. The experiment results of a real mobile robot indicate
that the computational expensiveness of designed algorithms is less than
evolutionary algorithms of single-objection for simultaneous localization and
map-ping and accuracy of obtained maps are better.

1 Introduction
SLAM (Simultaneous Localization And Mapping or Concurrent Mapping and
Localization) is to acquire a map of an unknown environment with a moving robot,
while simultaneously localizing the robot relative to this map[1-2]. The SLAM
problem addresses situations where the robot lacks a global positioning sensor, and
instead has to rely on sensors of incremental ego-motion for robot position estimation
(e.g., odometry, inertial navigation. etc.). Such sensors accumulate error over time,
making the problem of acquiring an accurate map into a challenging one. This is a
hard problem because noisy sensor data must be simultaneously used for both
mapping and localization. Within mobile robotics, the SLAM problem is often
referred to as one of the most challenging ones[3-4].
Traditional algorithms are based on extended Kalman filters (EKFs) [5-6].
However, several problems arise when applying the Extended Kalman Filter
approach. Especially, this method is not able to deal with uncertainty as follows: the
combinatorial labeling problem of data association (e.g., landmark identification,
feature recognition and place recognition, etc.) in which a correspondence must be
found between sensor measurements and the features already represented in the map.
In order to overcome the difficulty about the data association problem, Reference
[7] and [8] employed evolutionary computations to solve SLAM problem. Their
investigations indicate that evolutionary computations is a hopeful approach for NPhard SLAM problem.
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In SLAM occupancy grid present by Moravec and Elfes[9] often is employed,
where a map is consisted of grids or cells. A occupancy grid is described as grid[i][j],
and every grid[i][j] has a probability or belief occ[i][j] which is occupied and a
probability or belief emp[i][j] which is free. The calculations of occ[i][j] and emp[i][j]
depended on data from range-finder. Usually, since the reliable degree of data from
range-finder is relevant to the distance. The reliable degree of data from range-finder
is projected to occ[i][j] and emp[i][j] by means of a sensor fusion approach like
theories of evidence. In this paper Dempster-Shafer theory of evidence is employed
and works as a sensor fusion.
SLAM possesses of characters of multi-objective at a certain extent since several
formulations are combined with weights and the fitness is defined. From Reference
[8], we can get that the target of evolutionary computations for SLAM is to solve
multi-objective problem(MOP) as follow.
The reliable degree of data from range-finder is projected to occ[i][j] and emp[i][j]
by means of Dempster-Shafer theory of evidence. So, the overall consistency of the
sensory information contained in the grid-map, which is one target to be optimal, is
described as follows:

f1 = ∑min(1-occ[i][j], 1-emp[i][j]).

(1)

The other objectives are to reward the algorithm for producing smaller, more
compact maps:

f2 =∑δ1(i, j),

f3 = ∑δ2(i, j),

(2)

where

⎧1, if occ[i ][ j ] > 0.5
other
⎩ 0,

δ 1 (i, j ) = ⎨

,

⎧1, if emp[i][ j ] > 0.5
other
⎩0,

δ 2 (i, j ) = ⎨

(3)

Objectives or of combining them together as a weighted, linear sum, is the method
used in Reference [7] and [8]. This method, as is so often done, will lead bad
solutions to since choice of weights is crucial and is difficult to be determined. Even a
large change in the weights of a weighted sum scalarization would result in finding a
bad solution.
The weighted sum is only one possible method in this family of scalarizing
methods and has some serious drawbacks. One of others is to consider alternately one
objective function then another; and there are various ways this could be organized.
Another approach is to use some form of relative ranking of solutions in terms of
Pareto dominance. The latter is the most favoured approach in the EA community
because it naturally suits population-based algorithms and avoids the necessity of
specifying weights, normalizing objectives, and setting reference points.
Mikkel and Jensen[10] used the flowtimes of the individual jobs Fi to build helperobjectives, and optimize the primary objective. The helper-objective simultaneously
will be equivalent to simply optimizing the primary objective. Knowles and
Corne[11] defined additional objectives with arbitrary sub-tours for travelling
salesman problem, and local optima in single-objective optimization problems can be
removed. These results enlighten that multi-objective methods can guide the search
and deal with sources of difficulty in single-objective optimization. Their
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investigations also show that the performance of algorithm depends on whether
dominant knowledge in problems is used efficiently.

2 Key Point Grid and Its Detection
Sensors like sonar and laser scan, grabbing range-finder data, provide environment
information around the robot. From the information the local map can be constructed
and a local path for robot can be planned. If there is some structure information like
lines in environments, the structure information is used to building a global map more
efficiently and exactly. Considering a situation showing as Fig. 1 in which rangefinder data for a laser scanner are simulated, it is can seen that a large gap of rangefinder data occurred at some point and on left side of which long scan radial line, and
on the right side short scan radial line occurred. Furthermore, all long scan radial line
forms a continuous sector. We call the occupancy grid that is located by gap point as
key-point grid.

Figure1. Simulations of range- finder data at a key point grid

Fig.2 shows a key point grid in a running for a real robot in our experiment room.
Local occupancy/empty grids were calculated by grid range-finder data, so the map in
Fig 1 is local where the cells with black are the edges of obstacles calculated from
range-finder data gotten from the robot. The ones with white are free of obstacles and
gray cells are unknown. It is remarked that these colors in other figures are the same
meaning in this paper. On the right side in Fig 1, a large gap in range-finder data
occurred, since the obstacle goes to the end. Although range-finder data are not
continuous, there is no key point grid since varying scopes of range data are not
enough.
In the opinion of the geometry, the concept of key point grid comes form the
convex point in polygon obstacle. When the robot samples near a convex point in
polygon obstacle, largely discontinuous gap in range-finder data will happen. Because
of noise, largely discontinuous gap that is founded haphazard in range-finder data
doses not always mean that a key point grid occurs. Therefore, a method for
eliminates false key point grid is needed. In this paper if a grid is a candidate key
point grid, the grid will be scanning for many times and a key point grid will be
determined by means of Dempster-Shafer theory of evidence.
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Figure 2. A possible key point grid is found by a real robot
— A robot,

— Obstacles,

— Unknown area, Space —Obstacle-free area

In the implementation of determining key point grid, when a large gap in rangefinder data occurs, the grid which the gap belongs to is consider as a candidate key
point grid and the robot samples and takes range-finder data for 3-4 times while it
move in a curved path. In Fig. 3 it is showed that a real robot sampled at some key
point grid in moving along a curved path. If there is really a key point grid, the grid is
b

b

b

b

marked as Ki=[ xi , yi ], where xi , yi are coordinates of the grid assigned by the
map under global coordinate system. Since Ki depends on the robot’s own
measurements of its trajectory, these measurements will be corrupted by noise.
Hence, real coordinates of Ki can be described as follows:

xi = xib +Δ xi , yi = yib +Δ yi ,

(4)

where Δxi ,Δyi =0, ±1.
The following algorithm provides a method of finding a key point from rangefinder data.
(1) Let range-finder data is a set of {(ri,φi )} in the local coordinate system. (ri,φi )
is coordinates under the polar coordinates. In general the polar coordinates (ri,φi) can
be translated to the Cartesian coordinates pi(xi, yi ) by a simple coordinate
transformation:

⎧ xi = rr cos ϕ i
,
⎨
⎩ yi = rr sin ϕ i

(5)

(2) Let a set A1 ={ p1 }. The set A1 is called as a successive section. Let i=2, j=1;
(3) If the point pi in range-finder data satisfies the condition as follows:

|| pi − pi −1 ||
< δ Key
min((|| pi ||, || pi −1 ||)

(6)
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Figure 3. Trajectories and two key point grids.
— Trajectories,
— Key point grids, — Obstacles,
— Unknown area, Space — Obstacle-free area
pi is inserted into successive section Aj. Else, a new successive section Aj+1, j= j +1,
is created, and let i=i+1;
(4) The step (3) is repeated until range-finder data is empty.
(5) If the size of successive section Aj is less than 10, this successive section Aj will
be deleted.
(6) Let all successive sections can be described as follows:

Qi = {( xi ,1 , yi ,1 ), Λ , ( xi , N , yi , N )} ,i=1,2,...,Nq.

(7)

(i) If Nq =1 there is not a c. The algorithm goes to end;
(ii) If Nq =2, the last point p1,N(x1,N, y1,N) in Q1 is a key point. The algorithm goes to
end;
(iii) If Nq >2, successive section pairs {Qi, Qi+2}( i=1,2,...,Nq-2) are constructed, a
distance of {Qi, Qi+2} is defined as follows:
d(Qi, Qi+2)= ( xi , N − xi + 2,1 ) + ( yi , N − yi + 2,1 ) .
2

2

(8)

This distance is called as successive section pair distance.
(7) If d(Qi, Qi+2)> dKey, i=1,2,...,Nq-2, points pi,N(xi,N, yi,N) and (xi+2,N, yi+2,N) are
considered as key points.
In the implementation of the algorithm in this paper key point grids were stored in
a database, so computations of extracting key point grids from range-finder data were
carried out only once.
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3 Multi-Objective Evolutionary Algorithms with Immunity for
SLAM
3.1 Multi-Objective Algorithms (MOA) with Immunity
Multi-objective algorithms with immunity for SLAM proposed in this paper are
described as follows.
(1)
(2)
(3)
(4)

Let G and P' empty
Generate an initial population P
Calculate the fitness of each individual
repeat
(5) Let G and P' empty
(6) for j =1 to #recombinations do
(7) Select a set X par in P ∪ G to be parents with
ranking-based selection[12]
(8) Perform recombination on X par with probability
pR to generate x off1
(9) Perform vaccination on x off1 with probability pI
(10) Perform immune selection to generate x off from
x off1
(11) Replace P' with P' ∪ {x off }
(12) endfor
(13) for j =1 to #mutations do
(14) Select x P for mutation
(15) Perform Mutate with probability pM to generate
x'
(16) Perform vaccination on x' with probability pI
(17) Perform immune selection to generate x"
(18) Replace P' with P' ∪ {x"}
(19) endfor
(20) Replace P with Select from(P ∪ P' ) using rankingbased selection[12]
(21) if P has converged then replace P with an initial
population P
(22) until termination condition is TRUE

In the implementation of the algorithm, both termination conditions are used.
3.2 Chromosome Encoding, Recombination and Mutation
SLAM is treated as a continuous global optimization problem where the search is
carried out in the space of possible robot trajectories. A trajectory can be defined as a
vector [T1, T2, ..., TN], where Tj=[ dj, θj], dj and aj are the relative distance and rotation
that are traveled by the robot in one small step j, and there are N steps in total.
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The robot's own measurements of its trajectory are used to generate candidate
solutions by applying different correction factors, which are described as follows, to
the measured values of dj and aj.
d′j =dj+Δdj, θ′j =θj+Δθj.

(9)

Each chromosome is encoded as a string of floating point numbers [X1, X2,..., XN,
K1, K2, ..., KNk] corresponding to the correction factors and the key point grids,
where Xi=[ Δdj, Δθj], and dmax< Δdk <dmax , -θmax < Δθk <+θmax, k=1,2,...,N. dmax
and θmax are real positive integers.
Pairs of selected strings are then combined by recombination. Recombination is
carried out with probability pc. Mutation is carried out by picking single value within
the strings with very low probability pm and replacing those values with randomly
generated values, as upon initialization.
3.3 Vaccination Operator
A local exploration process, named as a vaccination operator, is constructed by means
of the feature of key point grid. A key point grid Ki is selected uniformly, and a
trajectory Tj is found such that at Tj the robot can detect the key point grid Ki by
means of laser scanner. If the point where a large gap occurs in range-finder data at Tj
does not belong to Ki, the correction factors Δdj applied to the distance will be
adjusted. This proccess will be performed with probability pI.
3.4 Immune Selection Operator
If the correction factors Δθj and Δθj+1 applied to the angle measurements at Tj and Tj+1
are adjusted in the vaccination operator, an immune selection operator, which will be
described as below, will be performed.
The change of the correction factors Δθj and Δθj+1 will lead to improvements of the
consistency and compactness of the map. Measure of improvements will be used to
evaluate the performance of a vaccination operator. In detail, either of both
trajectories Tj and Tj+1 is evaluated by constructing a local occupancy map using the
recorded range-finder data of the robot along the path, and a value f1 is calculated
according to formation (1) within the local occupancy map. If Tj and Tj+1 are replaced
with T′j and T′j+1, as the same as above calculations, a value f′1 is calculated. If f′1 <f1,
Tj and Tj+1 are replaced with T′j and T′j+1 in the individual in which the vaccination
operator has been performed, else, the operator of replacement will be done[13] with
probability exp(-(f′1 - f1)/ln(k+1)), where k is the evolutionary generation in
evolutionary process.
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4 Implementation of the Algorithm and Experiment Results
The algorithm was tested using data recorded by an AmigoBOT mobile robot
produced by ActivMedia Robotics, LLC with the addition of a SICK laser scanner
showed at the Intelligence Control Lab of the Central South University in China. The
odometer trace was divided into segments of about from 1 to 2 meters in length and
was 0.2 meters at every key point grid. For the environment of Fig. 4, there were 26
segments corresponding to the about 30 meters traveled by the robot. Because
movable scope for robot is not large enough, all range-finder data are truncated such
that the lengths of range-finder data are less than 3 meters, which means that if ri>3 in
range-finder data (ri,φi ), ri=3.
In our experiments Dmax=0.32, δKey =1, dmax=20cm, θmax=10, β0=1meters, integer
dk ∈ [-20, 20], integer θk ∈ [-10, 10]. In implementation of the algorithm the
population size is 50, pI=0.3, pC =0.9 and pM=0.08.
The algorithms proposed in this paper and in Reference [7] and [8] run 10 times
for the same test case (environment, trajectories, and range-finder data) in order to
prove that the algorithm proposed in this paper outperforms other approaches.
Running results of algorithms are list in Table 1, and a grid-map gained through the
algorithm in this paper is shown in Fig. 4, where the terminate condition is that
running generation is 300. From Table 1 it can be seen that the convergence rate is
higher than the algorithms in Reference [7]. Similar experiments were conducted for
the traditional multi-objective algorithm without vaccination operator and immune
selection operator, the results are shown in table 2, where the terminate condition is if
the best fitness values in the population are not improved in Nς =20 generations, the
algorithm will go to the end, which is often the convergence critical. The table holds
one column for every algorithm. The first column reports the average total FS of the
traditional algorithm, while the remaining columns report the performance for the
multi-objective algorithm. The experiments reveal that the multi-objective algorithm
with immunity performs better than the traditional algorithm without immunity.

Figure 4. A grid-map was gotten with proposed algorithm when the robot ran in our
experiment Lab.
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In order to compare the accuracy of maps achieved by several algorithms, manual
build a map using stored data captured by the mobile robot.
Table 1. Comparisons of running results for two algorithms

Algorithms
MOA with immunity
MOA without immunity
Algorithm in Ref.[7]
Algorithm in Ref.[8]

Mean value of
best fitness values
510.4
697.3
631.8
582.0

Standard deviation
of best fitness values
22.7
30.1
37.5
29.8

Table 2. Comparisons of running results for two algorithms

Algorithms
MOA with immunity
MOA without
immunity

Mean number of fitness
function evaluations
2074.8
3893.6

In the implementation of the algorithm in this paper, computations of extracting
line segments and key point grids from range-finder data are carried out only once,
hence in a vaccination operator and an immune selection, major computation time is
spent on the computation of values f1 in a local grid-map that was constructed by only
both of trajectories. The average ratio of the computation time of values f1 in a local
grid-map to the one in a global grid-map is about 4/N (N is the total of trajectories).
So, its computation time is more less than computation of the fitness value f in
formulation (1). To sum up, the algorithm proposed in this paper can increase the
convergence rate of SLAM based on evolutionary algorithms, and the larger the scope
is for robot to travel the higher the convergence rate of our algorithm is, since the total
of trajectories will increase.

5 Conclusions
(1) Multi-objective algorithms with immunity for SLAM have bee proposed, which
are combined with feature of key point grids in range-finder data in order to
increase the convergence rate of SLAM based on evolutionary algorithms.
(2) The feature of large gap in range-finder data at a convex vertex in polygonal
obstacle is employed, and the feature of key point grids is extracted and used to
construct a local search operator of key point grid with immunity.
(3) Experiments results showed that multi-objective evolutionary algorithms with
immunity could improve optimization for SLAM in some cases.
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Abstract. Hardware based systems shows in general better performance
for embedded applications than those based on software. Software based
systems use a generic purpose processor, which is not adequate for several problems. Hardware systems, on the other hand, are in general very
inflexible. Many hardware solutions cannot be updated. Even when this
process is possible, it requires specific knowledge and tools.
The proposed system aims at investigating a solution for these drawbacks
involving hardware systems. The proposal is based on an Evolutionary
Algorithm to reconfigure Field Programmable Gate Arrays.

1

Introduction

This work proposes the use of Evolutionary Algorithms and Field Programmable
Gate Arrays to produce an intelligent hardware system with adaptive capabilities.
This system could be used for real embedded applications, in fields where
few systems can achieve the required performance. Several problems cannot be
efficiently solved using generic purpose processors as, for example, embedded
systems. For these problems, dedicated hardware solutions are in general employed. On the other hand, these hardware solutions are too inflexible and may
become obsolete with small changes on problem requirements. If these requirements are expected to often change, reconfigurable systems have been the usual
solution.
However, reconfigurable systems are in general difficult and expansive to
be built. In order to overcome this drawback, we propose a self-reconfigurable
approach, based on Evolutionary Algorithms. This approach can reconfigure a
FPGA until it becomes a dedicated system for the target problem. Moreover,
this process never finishes since the system continues to evolve and adapt to the
problem when its requirements change.

2

Evolutionary Algorithms

Evolutionary Algorithms (EAs) have been largely employed for complex design
problems [5], [7], combinatorial optimization [8], [10] and multi-objective problems [3], [4], [8]. Moreover EAs are plausible solution strategies for problems
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requiring adaptive capabilities. In this way, we choose an evolutionary approach
to guide the FPGA reconfiguration.
An EA has typically the following characteristics. A set (named population)
of solutions (named individuals) is generated at random. At each iteration, or
generation, evolutionary operators are applied to the individuals modifying them
and generating new individuals. In order to compose the new population a selection strategy and a criteium of adequacy for the target problem are employed.
This criterium is named fitness. The selected individuals compose a new population. After several generations, the EA produce a population with individuals
that should correspond to adequate solutions. Several relevant references about
EAs are available in the literature [3], [4], [8], [9], [10], [11].

3

Field Programmable Gate Arrays

For problems whose requirements are expected to change often, reconfigurable
systems have been the usual solution. The EA can be considered the intelligence
of the proposed system, the FPGA can be viewed as its physical component. It
holds the IO interfaces, stores the system logic and executes the processing.
A FPGA is a hardware system designed to hold another hardware system.
It is composed by a set of logical blocks or elements and a set of connections
among them. In an ideal architecture, there would be one connection between
each pair of elements and one connection between each element and each IO
port. This architecture however is not necessary for most real problems and is
too expansive and complex to implement. Real FPGA uses only a subset of this
complete set of connections.
The FPGA works as follow. The input ports have the function of reading
external signals from the environment. These signals are propagated through the
connections and logical elements until they reach an output port. During this
route, the logical elements modify the signals according to a FPGA configuration.
Once the signals are stabilized in the output ports, they produce the output of
the system. Introductory references about FPGA architectures can be found
in [1], [2], [12].

4

FPGA and EA Integration

The architecture of the FPGA is very important since it defines the complexity
of the problems the FPGA can be used to solve. The architecture has also large
influence on the EA efficiency to reconfigure the FPGA.
If the architecture is too complex, the FPGA can be employed for a wide
range of problems. On the other hand, complex architectures can reduce the EA
performance. It is important to define architectures that both give the system
enough power to solve relatively complex problems and also allow an efficient
EA for FPGA reconfiguration.
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In this way, the first step to build the proposed system should be the definition
of the FPGA architecture. The second step is the definition of the data structure (named chromosome in EAs) to computationally represent the architecture.
From the chromosome, evolutionary operators are elaborated. Afterward, a Fitness function and a selection method are determined according to the target
problem characteristics.

4.1

Architecture of the FPGA

The FPGA architecture plays an important role for the proposed system, both
determining the FPGA capability of solving problems and the EA performance.
This section describes the employed architecture.
The proposed architecture organizes the FPGA as a logical element matrix.
Each logical element receives n input signals and produces one output signal. In
FPGAs, a logical element is built as an array of 2n binary memory units. Each
memory can store one single bit. One of these bits is selected using the input
signals and multiplexers. Figure 1 shows an architecture example, where S1, S2
and S3 are the received signals and f is the produced output.

S1
S2
0/1
0/1
0/1
0/1
f

0/1
0/1
0/1
0/1

S3

Fig. 1. Architecture of a Logical Element

Each element in the matrix has two indexes indicating its line and column
in the architecture. Given a block in line l, each input terminal of this block can
be connected to the output terminal of any block in line l-1. Figure 2 shows the
proposed architecture.
The elements in the first line have their input terminals connect to the FPGA
input ports. They transmit signals from environment through the FPGA. The
output terminals of the elements in the last line are also the output ports of the
FPGA. Then, a FPGA of c columns will also have c output terminals.
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FPGA`s Architecture

Logical Element

Input/Output of
Logical Element

Internal Bus

I/O
Terminal

Fig. 2. Architecture of the FPGA

4.2

Individual Representation and Evolutionary Operators

Based on the architecture described in Section 4.1, individual’s computational
representation (chromosome) was defined as follow. Each logic element is represented as a string with 2n bits, where n is the number of input terminals in
the element. Based on this string of bits, we define the evolutionary operators:
crossover and mutation.
The crossover operator is applied to two individuals named father1 and father2, generating two new individuals named child1 and child2. This operator
generates a random mask of 2n bits used to alter the bit string producing a new
one. For each position of the bit string, if the bit in the mask is 0, child1 keeps
the corresponding bit value from father1 and child2 retains the corresponding
bit value from father2. If the bit in the mask is 1, child1 keeps the bit value from
father2 and child2 retains the bit value from father1.
The mutation operation is applied to one individual, and generates a new
individual. It consists on the negation of a random bit from a bit string of the
individual.
The connections among elements are represented as an array of n integers.
Each element in a line of the architecture has an array of integers indicating
the connections of this element with the elements of previous line. The mutation operator alters element connections by randomly changing the value of one
position in the array.
A chromosome is structured as a pair composed by a logical element matrix
and a connection matrix. The former can be changed by a crossover operator
that consists of the recombination of each logical element from father1 with the
logical element in the corresponding position from father2. This process generates
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two children. The mutation operator for the logical element matrix consists on
randomly choosing a matrix position and altering the corresponding element.
The connection matrix mutation process is similar to the mutation of logical
element matrix. For the connection matrix no crossover operator is employed.
It is important to notice that small changes in the logical element matrix
produce small changes on how the FPGA works. However, small changes on the
connection matrix may drastically affects the way the FPGA works. Moreover,
a good logical element set for a given connection matrix may be inadequate for
another connection matrix. These characteristics demand an efficient evolution
strategy, which is discussed in Section 4.3.
4.3

Strategies for the Evolution Process

Given a connection matrix, the evolution strategy employed first evolves the
logical element matrix. Only if this matrix is not adequate, a new connection
matrix is produced.
This strategy requires two stopping criteria. The first criterion determines
when a satisfactory solution is found. The second criterion decides when the
evolution of a logical element matrix for a given connection matrix should stop.
In this case, the evolution of a logical element matrix is restarted for a new
connection matrix.
As consequence, if a given connection matrix propagates all input signals
to all output signals, it will not be necessary to change it. In this case, it is
possible to reach the expected operation of the FPGA by reconfiguring properly
the logical elements matrix.
If it is possible to create a connection matrix that propagates all input signals
to all output signals, then we should first find this matrix and then run the
EA only for the logical element matrix. This improves the performance of the
proposed system, avoiding unnecessary connection matrix changes.
However, it is not always possible to create connection that propagates all
input signals to all output signals. For example, if the number of columns is
much larger than the number of lines for a FPGA, it is not possible to create
such matrix. In this case, it may be impossible to solve the target problem using
this FPGA, requiring a larger one.

5

Target Problem and Fitness Evaluation

The focus of this work was to produce an efficient EA to configure a FPGA. The
implementation of the proposal on hardware will be performed in a future work.
In order to validate the proposed approach, we use a simulator. The simulation is
a simple, fast and easy procedure to debug and evaluate the developing system.
The simulator was written in Java and the computational efficiency of the
simulator was considered secondary criterion for its evaluation. The main objective was the investigation of how the EA work with the problem of reconfiguration of FPGAs. Main criterion to evaluate the system is the number of individual
evaluations.
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In order to obtain a target problem which was relatively easy to simulate
and evaluate solutions, we use the one-max problem formulation ??. First, we
generate a random individual named target individual. For all possible inputs
(2n for n input terminals), all possible outputs are generated for the target individual. The fitness of an individual is calculated comparing its outputs with the
corresponding outputs of the target individual. The individual score is increased
by one for each bit that matches with the target output. The target individual
score is the maximum score and can be calculated as:
2nInputs ∗ nOutput

(1)

where nInput is the number of input ports and nOutput is the number of
output ports.
The simulator works with a population of n individuals. At each generation a
recombination process generates n new individuals. The recombination consists
on the crossover of the logical function matrix of two individuals (say father1 and
father2 ) of the population. These individuals (father1 and father2 ) are selected
using the roulette-wheel selection method.
From the resulting population of 2n individuals, n individuals are selected
using a steady state strategy, i.e., the better individual among parent and child
are selected for the next generation. Other selecting strategies are also possible;
however, the reported results were based on this strategy.

6

Statistic Measures of the EA Performance

This section presents statistics showing the performance of the EA. The system
was tested using different combination of the following parameters: number of
individuals on the population (n), size of the FPGA (number of columns c and
lines l ), mutation rate (for logical elements only), and convergence criterion.
For the first test, we used a population of 10 individuals (n = 10). The
mutation rate was set to 0. The EA executes until all individuals reach the
maximum score. Each individual is a FPGA of eight lines and eight columns.
Although this FPGA may look small, it is complex enough, for example, to
be applied to a robot navigation problem where robots navigate through the
environment using binary distance sensor [6].
At each run of the EA, the number of generations and running time for
convergence were measured. The data of 2000 executions were then divided into
classes to drawn an approximated graphic of the probability distribution of the
number of generation and running time for convergence of the EA. The interval
between the maximum and the minimum value of the measured data was divided
into subintervals (or classes) of equal length and the number of values on each
class was counted. The relative frequency of each class was calculated as the
number of elements on this class divided by the number of total executions
(2000). This process was applied to both number of generation and running
time.
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Figure 3 shows the approximated probability density for the number of generations required to all individuals in the population converge. Figure 4 shows
the approximated probability density for the time until the convergence of all
individuals of the population.

Fig. 3. Graphic of the probability distribution of the number of generations for
convergence

Fig. 4. Graphic of the probability distribution of the time for convergence

As expected, the graphic for probability distribution for the number of generations is very similar to the graphic probability distribution for running time.
This occurs since the running time the EA requires to converge is proportional
to the number of generations. There are also other factors that influence the
convergence process; however, they are less important than the number of generations.
Table 1 presents the main descriptive statistics involving running time and
number of generations for convergence.
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Mean
Mean Deviation
Minimum
First Quartile
Median
Third Quartile
Maximum

Numeber of Generations Time (ms)
18.572393
949
8.58767
421
3
186
11
564
15
767
21
1036
141
6960

Table 1. Descriptive statistics

Figure 5 is a box plot of number of generations for convergence without
outliers. Figure 6 shows a box plot including outliers. Box Plots of running time
for convergence are similar to those of number of generations and thus were
omitted.

Fig. 5. Box Plot without Outliers

Fig. 6. Box Plot with Outliers

Notice that although the maximum value for the number of generations is
high, the third quartile is low. This means that, for the majority of cases, the
number of generations for convergence is low. Figure 3 confirms this behavior.
Cases with high number of generations were rare and spread. This means that
the system has a good performance and convergence.
The running time required to the EA converge is also low. The mean running
time is lower than 1 second. This shows that we could evolve the system right
on the environment without requiring high performance computers, since this
process should require few minutes in a FPGA.
6.1

Relationships between Parameters and Performance

This section discusses how the parameters affect the system performance and
how the system behaves for more complex problems. First, we investigated the
relationship between the number of individuals in the population and the performance of the system. We used again a FPGA of eight lines and eight columns
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and the convergence of all individuals as stopping criterion. The population size
was set to 2, 5, 7, 8, 10, 15, 20, 50 and 100. For each size 200 runs were performed.
Figure 6.1 shows that the number of generations for convergence depends on
population size. For small population, the diversity of the population is low, and
lots of generations are required for convergence. For medium size populations,
there is already enough diversity, so, few generations are required. For large populations it is difficult to converge all individuals, and the number of generations
increases
Figure 6.1 shows that, although the number of generations for small populations is high, the running time required is not so high. Moreover, for large
populations, that have low number of generations for convergence, the corresponding running is very high. Figure 9 helps to explain this behavior.

Fig. 7. Relationship between population size and number of generations for convergence

Fig. 8. Relationship between population size and time for convergence

Fig. 9. Relationship between time to process one generation and population size

For Figures 6.1 and 6.1, the stopping criterion was the convergence of one
individual. As in Figure 6.1 for small populations, the number of generations is
large. As the population size increases, the number of generations decreases. In
contrast with Figure 6.1, the number of generations for convergence does not
increase. This occurs since the convergence of all individuals is not required.
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Fig. 10. Relationship between the
population size and the number of
generations for convergence of one
individual

Fig. 11. Relationship between the
population size and the time for
convergence of one individual

Figure 12 shows the influence of mutation operator over the EA performance.
The relationship between mutation rate and EA performance in the proposed
system is not clear.
More accurate statistic investigation of such effects should be carried out.

Fig. 12. Effect of mutation rate

7

Final Considerations

The development of an intelligent system capable of solving real problems without needing general-purpose processors and with self-adapting capabilities for
problem requirement changes is a computational difficult problem. This work
presents a method to create a system with these characteristics using EA and
FPGA.
The proposed system showed satisfactory results for small FPGAs. For larger
systems, the complexity of configuring a FPGA increases and more efficient
approaches should be investigated.
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In order to use more efficient data structures and operators, larger processing capabilities are required. The available processors for embedded system are
in general not adequate to work with complex structures. Hardware modules
to implement complex operators or store large data structures require a large
amount of logical elements, increasing cost and size of the final system.
Definition of the most adequate FPGA size for a problem is also complex.
Large FPGAs are capable of solving hard problems. However, their configuration
is more difficult to be achieved by the EA. On the other hand, the configuration
of small FPGAs is easier, although these FPGAs can only be applied to relatively
simple problems.
The obtained results show that the proposed approach can produce a system
that reaches the requirements of the test problem. Additional aspects of the
proposal could be investigated in future works in order to obtain an improved
system.
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Abstract. This paper presents the AFRANCI tool for the development
of Multi-Strategy learning systems. AFRANCI allows users to build, in
an interactive and easy way, complex systems. Systems are built using a
two step methodology: design of the structure of the system; and fill in
the modules. The structure of the target system is a collection of interconnected modules. The user may then choose among a variety of learning
algorithms to construct each module. The tool has several built-in Machine Learning algorithms and interfaces that enable it to use external
learning tools like WEKA or CN2. AFRANCI uses the interdependency
of the modules to determine the sequence of their training. To improve
usability, the tool uses a wrapper that hides from the user the parameter tuning procedure for each algorithm. In a final step of the design
sequence AFRANCI generates a compact and legible ready-to-use ANSI
C++ open-source code for the final system.
To illustrate the concept we have empirically evaluated the tool in the
context of the RoboCup Rescue domain. We have developed a small
system that uses both neural networks and rules in the same system.
The experiment have shown that a very significant speed up is attained
in the development of systems when using this tool.

1

Introduction

Over the past few years, there has been a significant increase in the interest
of working with heterogeneous learning algorithms in order to achieve fast and
complex behaviours in autonomous agents. An Autonomous Agent (AA) can
be seen as a collection of components of heterogeneous learning modules with
well-defined interfaces and fine tuned behaviours. It has been recognised that
different behaviours may require different learning strategies.
A popular AA architecture considers several learning algorithms/modules
arranged in horizontal and/or vertical levels to compose behaviours with different
levels of abstraction. This layered learning is specially adequate for domains that
are too complex for a direct mapping from the input to the output representation
to work [1]. This approach brings some new challenges on the arrangement of
these modules to achieve inner reasoning, prediction and abstraction methods
instead of classical planning research. Additionally, the use of robust tools are
necessary to support this kind of approach. Although not in the context of AA
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construction, but also using a hierarchical organisation of modules, Alan Shapiro
[2] proposes the use of “structured induction” to address the problem of inducing
complex concepts.
However, when using a conventional programming language, like C or C++
to encode such modules, an expert programmer is often required. Each new
user starts a project from scratch, and occasionally it results in a bad program
code structure revealing problems whenever the code needs to be extended or
updated. To overcome such difficulties some tools propose uniform and easily
modelling facilities for the learning modules. Such tools include Matlab c [3]
and SNNS (Stuttgart Neural Network Simulator) c [4] and [5]. These tools are
limited as far as the user interface aspects are concerned since these are often
neglected. In addition, the tools do not support the design of several modular,
hierarchic and complex structures of heterogeneous learning modules in the same
environment as AFRANCI does.
The AFRANCI tool [6] offers solutions for assembling and linking together
graphically on the screen the modules required to create large scale behaviourbased systems. In the development of AA applications there is the need to aggregate different kinds of behaviours working together to increase the complexity
of behaviours. The user’s choice is not restricted to low levels but is free to
choose the suitable abstraction level. Another advantage of AFRANCI is the
possibility of using external learning tools/algorithms such as the WEKA [7]
library or CN2 induction algorithm [8] to compose heterogeneous learning modules. The tool makes easily adjustable and extensible connection with WEKA
learning modules and CN2 without the user’s perception. These aspects will be
presented in Section 2.
According to the proposed objectives, this work has enabled the development
of a tool that can: a) support graphic designs of large and extensible behaviourbased architectures composed of heterogeneous clusters with cognitive processes;
b) make available a wide set of varied functionalities of control modules; c)
offer facilities and resources to interconnect several structures of external control
processes so that they could communicate in a multi-environment; d) arrange
learning modules in horizontal or vertical levels to insert new or substitute the
previous agent characteristics by an adopted technique from software engineering
[6] and [9]; e) offer parallelised network training; f) automatically generate a
ready-to-use ANSI C++ open-source code from the screen.
The contribution of this paper goes beyond a object-oriented implementation
of ideas. It addresses abilities, specialisations and policies to accomplish specific
tasks in an Autonomous Agent setting by using a multi-strategy learning in order to achieve complex behaviours. We offer a scalable modelling and parallel
environments with the purpose of speeding up behaviour agent simulations. Furthermore, the tool is a valuable contribution to users without knowledge about
deep programming language and learning modules because it offers high level of
abstraction and automatic creation of source-code, as observed in Section 5.
The rest of the paper is organised as follows. Section 2 presents an overview
of AFRANCI architectures and how it handles the generated system’s modules.
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Section 3 describes how to design behaviour structures in the interconnected
architecture in order to achieve the best agent performance. The use of wrappers
is described in Section 4. Experiments, results and discussion are presented in
Section 5. Related work is presented in Section 6. Finally, some conclusions are
drawn in the last section.

2

AFRANCI Tool

The AFRANCI Tool [6] is a tool built over some classes of open-source PyramidNet Framework [10] platform, which extends the use to external libraries
of learning algorithms like the WEKA c library and CN2 induction algorithm.
PyramidNet was restricted to a subset of Artificial Neural Network (ANN) algorithms whereas with the new ability to use WEKA c library and CN2 the
user has access to a useful repository of machine learning algorithms for data
pre-processing, classification, regression, clustering, association rules and visualisation.
The AFRANCI tool is composed of three main parts, which are the Graphic
User Interface (GUI), the Machine Learning Modules (MLM) and the Automatic Open-Source Code Generator (ACG). First, GUI is a set of main classes
for handling and modelling learning modules, using graphic elements that will
interact with the user. MLM implements the construction of the modules using
the chosen learning algorithms. Finally, ACG receives a description of pictorial representation of the system structure and produces the short automatic
open-source code.
The tool allows users to design and implement behaviour-based architectures
through the interconnection of elementary heterogeneous control modules in the
form of a circuit diagram. New structures can be constructed by linking standard
structures or modules together. This form is very familiar to engineers in digital
systems design and in model analysis systems tools (e.g. SIMULINK c ). It makes
some items available, such as desktop constructor, sensor, actuator, line links,
skins of learning modules, menus, dialogue box. Each graphical element can be
dragged and dropped to a re-sizable screen and its features (colour, label, format
and size) be adjusted. Heterogeneous control modules are standard boxes with
input and output of data. For instance, if the user is working with ANN, he/she
has access to a number of hidden neurons, neuron transfer functions, training
parameters etc.
With the purpose of speeding up the implementation of learning modules,
the tool offers three other important features: the multi parallel environment,
the automatic network design of modules and the automatic development of
open-source code. First, each new environment includes a powerful parallel resource to training the proposed designed architecture. The user can link and
put together several sub-projects and run them, at the same time because it
is free of manual scheduler. In the design process, once adjustments have been
made, the module is unlighted and the training and simulation can be run again
quickly. The second feature is the on screen automatic/wizard design of net-

54

Reinaldo F., Siqueira M., Camacho R., Reis L.

works of learning modules by importing of CSV (Comma Separated Values)
files. When using ANN/WEKA/CN2, the user links standard learning modules
together; each learning module can be simulated at any level of abstraction for
fine tuning of the assembled system. The user needs little knowledge about it. As
a last step the tool produces clean and ready-to-use ANSI C++ open-source for
information fusion, planning and coordination with a few mouse clicks. By using
a high-performance interpretation algorithm, this functional but compact ANSI
C++ executable core is created from the drawn project. This ANSI C++ code
can be edited on screen in order to be modified and compiled easily in different
operating systems.

3

Designing a Structure

In this section we briefly analyse the simple steps to design, train and obtain a
finished system composed of different learning modules.
First, it is necessary to design the agent’s structure. The user should plan
how many modules, how they are interconnected and what algorithms to use
in each module. In the next step the user draws a project in the tool desktop
(screen). The project must have input, control modules, outputs and links. After
designing the project, every module receives the database file that stores data
to feed it in the training phase.
The interconnections are established between inputs, control modules and
outputs to make a complete wired network. The user can connect two environments: from the output of modules in the first environment to the input of
other assembled of modules in a second environment. This tool allows the user
to interconnect everything without loss of performance because it uses a parallel
environment. The user can tune each module by changing the default module
parameters. Careful is needed in this step because a badly planned set up may
lead to the emergence of wrong reasoning processes. This step is the only one
that requires a little more knowledge about arranging of modules.
The training process is simple and consists of training and fine tuning of
the behaviour-based architecture to achieve the agent’s goal. The automatic
training process is responsible for almost everything and based on the data
flux sequence to trigger modules to training. Independently of the horizontal or
vertical architecture level, the user can follow the iteration training process of
each module by graphics, data windows and others.
Finally, the user can generate a ready-to-use ANSI C++ open-source to plug
it in the agent. The source code is a codification of the graphic modelling. Inside
of this code, user will find input and output connections, weights, an activation
functions, in the case of ANN, a compact main executable core, and some input
and output matrixes. Summing up, these quick steps help user to substitute
large programs, time consuming projects and confusing lines of code.
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Wrappers

Almost all Machine Learning systems have parameters that must be tuned to
achieve a good quality of the constructed model. An experienced practitioner
knows that changes in the parameter’s values may lead to quite different results.
To tune a system’s parameter requires knowledge of the system. This is most
often a severe obstacle to the wide spread use of such algorithms.
As proposed by John [11] one possible approach to overcome such a situation
is by the use of a wrapper. A wrapper produces several models using different
combinations of the learning algorithm and returns the “best” model. In our tool
the wrapper optimises the test set error rate estimation. This automatic tuning
of parameter completely hides the details of using the learning algorithms from
the user. It is therefore a way to make the tool usable by a wider range of users.
When the total number of combinations of parameter’s values is small3 the
tool tries all the combinations and chooses the best one. When the number of
combinations is larger the parameters are tuned using a Genetic Algorithm (GA)
[12] with mutation and cross-over GA operators. For the ANN we also choose
automatically their structure. A GA is used to choose the best number of hidden
layers and number of neurons in each layer for each ANN. The type of ANN is
also included in the automatic choice.
As future work we intend to extend the use of wrappers to do feature (subset)selection as in [13] and [14]. This facility would require however a tighter relationship between the modules synthesis and their inter-connection. If the wrapper
decided that some feature is not relevant for the classifier then that input would
have to be removed in the modules inter-connection design stage.

5

Experiments

To illustrate the features of AFRANCI and facilitate the reader’s understanding
we generated a simple artificial problem and dataset in the RoboCup Rescue
setting. The problem we devised is to decide if a ambulance or fireman should
rescue or not a civilian to a nearest refuge. The civilian is somewhere in a burning
building. The decision is commonly made based on the localisation and agent’s
and civilian’s life conditions. The main independent variables include: the position (X, Y) of the ambulance, fireman, building on fire, fire brigade, the nearest
refuge (rescue building), and of the civilian; the life condition measure of the
fireman and civilian 4 , the building volatile information is composed of earlier
burnt, state and structure; the state of the ambulance (busy/free) to receive the
civilian and of the fireman (busy/free) to extinguish the fire or to rescue the
civilian; a measure that assesses the difficulty of the civilian rescue situation.
The system devised is composed by several modules that encode the decision of the fireman and the civilian and particularly a main module to combine
fireman and ambulance decisions. Figure 1 shows the modular structure of the
3
4

In the current implementation small is less than 20.
A measure between 0 and 100 of the energy the fireman can use.
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Fig. 1. Architectural Design.

system constructed interactively by the user. Not perceived in the figure is the
heterogeneity of the modules. Different modules use different representations
sand where induced using different learning algorithms. Referring to the module’s labels in Figure 1 the following algorithms were used. The Civilian module
was constructed using AFRANCI built-in feedforward ANN. The Ambulance,
BuildingOnFire, Fireman and RescueFireman modules were constructed using
CN2 rule learner. The other modules, Building and Decision, were constructed
using WEKA’s J48 Decision Tree algorithm. The user had only to select the
number and place in the window of the modules, to connect them and choose
input and output variable names. All this was done using drag-and-drop operations. He then provided the dataset and the tool trained the modules in the
correct sequence and generated a C++ program that encodes the system.
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J48 pruned tree
-----------------ambulance_apt = TRUE: RescueAmbulance
ambulance_apt = FALSE: RescueFireman

a)
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IF
occupied = occupied
THEN class = n [52 0]
ELSE
IF
civilian = notapt
THEN class = n [20 0]
ELSE
IF
Yamb > 8164.50
AND Xciv < 9204.50
THEN class = y [0 7]
ELSE
IF
Yamb > 340.00
AND 386.00 < Yciv < 7731.50
AND Xrefuge > 3800.00
THEN class = n [9 0]
ELSE
IF
Yamb < 5721.00
AND Xrefuge > 866.00
THEN class = y [0 8]
ELSE
(DEFAULT) class = n [4 0]
b)

Fig. 2. a) Decision Tree generated by WEKA’s J48 learner. b) Rule set generated by
CN2.

The action of deciding which agent will be responsible for rescuing the injured
civilian is taken in the Decision module (see Figure 1). The fireman agent will
perform a rescue action only if the ambulance agent will not be able to do so.
In the case of both, the fireman and ambulance, are capable of rescuing the
civilian, the module decides in favour of the ambulance agent because a fireman
agent has to extinguish fires in burning buildings with the aim of preserving the
city. In order to check if the ambulance is entirely apt to rescue a civilian (see
Figure 2) the rules induced by CN2 establish that: (rule 1) if the ambulance is
occupied then it is useless to attempt the rescue; (rule 2) if the civilian has not
enough “vitality” then it is also not rescued; (other rules) the civilian will be
rescued if it has enough “energy” and the ambulance is between the civilian and
the rescue place otherwise it will not be rescued.

6

Related Work

In order to develop a robust tool, we analysed two relevant ones. The MatLab c and SIMULINK c tools are mainly concerned with the offer of a detailed
design of a control process [15] and to automatically generate a ready-to-use code
for it. However, that tool has two main limitations that affect the design of the
whole project. First, the user cannot design a complex structure composed of several heterogeneous modules nor a interconnected architecture because the tool
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does not offer facilities nor a specific multi-environment to work with. These
limitations inhibit the user’s ability to handle different levels of abstraction,
several processes in the same environment. Second, the ready-to-use code was
generated from a simple learning algorithm is large to be worked, complex to be
understood and unpractical to be used. Other studied software simulator was
the SNNS c (Stuttgart Neural Network Simulator) [4] [5] that it exclusively
works with ANN in order to create their applications. Although the tool offers a
good graphic environment, its repertory is limited to only a behaviour level a at
time, without offering a parallel environment to train the ANNs. Moreover, it is
limited concerning expandability or new ways to graphically preview the whole
structure that is being worked with.
In Section 2, we presented the tool which offers a user friendly parallel graphic
environment that facilitates the development and training of Modular and Hierarchic Systems by including several modules with different learning algorithms.
The system architecture produced with the AFRANCI tool promoted the MultiStrategy learning as long as various learning modules are used to compose the
structure.

7

Conclusions

In this paper we described a tool for the development of Multi-Strategy learning
systems. Using a friendly graphical interface the user may define the modular
structure of the system and choose the learning algorithms to construct each
module. He then provides the dataset and lets the tool train, in the correct sequence, each module produces a complete self containing program encoded in
the C++ language.
The tool provides several learning algorithms and is able to call external
learning algorithms to construct the modules. The deployment of the tool confirmed the assumption that it was easy and fast to develop Multi-Strategy system
with AFRANCI.
As future work we intend to develop wrappers (John, 1994b) to automatically
tune the modules parameters, optimising the test set error rate estimation.
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Abstract. The performance of a pattern recognition system is characterized by
its error rate and the reject rate tradeoff. The error rate can be directly evaluated
from the reject function assuming a threshold t, which is a parameter that limits
the reject and acceptance regions. In this paper, optimum rejection rule of a
recognition system for three classes is used to calculate the reject function and
the error rate evaluated directly from the reject rate. A Bayes decision rule as a
function of threshold t is used to determine the minimum risk. A simple
parametrization that considers the distance between means of the normal
distribution of classes is presented. Finally, the rejection rate, the error rate and
conditional risk were estimated in terms of the threshold t to illustrate the effect
of the proposed parametrization and Bayes decision rule for minimum risk.
Keywords: Bayes error; minimum risk; reject rate.

1 Introduction
It is known that the Bayes error provides the lowest error rate for a given pattern
classification problem. An optimum rejection rule and a general relation between the
error and reject probabilities are presented by Chow (1970). There are several
classical approaches used to estimate or to find bounds of the Bayes error including
those proposed by Thumar et al. (1966) and Doermann (2004) which considered the
second order dependency between the class and decision, and found that a combinedbased method renders better estimates than the classical methods of dependencybased product approximation (DBPA). Pierson (1998) used boundary methods for
estimating class separability since it does not require knowledge of the posterior
distributions. In this work, optimum rejection rule of a recognition system to calculate
the reject function and the error rate evaluated directly from reject rate and the results
are illustrated for a case involving three classes, commonly found in actual
classification problems but hardly described in the literature. The Bayes decision rule
for minimum error and reject option for n classes considering the minimum risk,
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assuming a threshold t with a simple parametrization for a three class case is
described.

2 Background
2.1 Decision Rule for Minimum Error and Reject Option
In actual classification problems where classes are not fully separable, it is unrealistic
to expect absolute classification performance of the pattern recognition system. The
object of a statistical classification problem is to reach the best possible performance.
The question that arises is how to determine the optimum classification rate which can
be answered by the determination of the Bayes error since the Bayes decision rule
provides the lowest error rates (Tumer, 1996).
In general, to assign a pattern x to n classes wi (where i =1,…,n), a model for
classification with a decision rule to partition the measurement space into n regions
Ωi, i =1,…, n is needed. The boundaries between the regions Ωi are known as the
decision boundaries or decision surfaces; usually it is near to these boundaries that the
highest probability of misclassifications can occur. In such situations, the decision on
the pattern may be withheld or rejected until further information is available, this
option is known as the reject option (Webb, 2002).
According to the Bayes decision rule where assigning with minimum error a
pattern x to a class wi, we have that:

p( wi ) > p( wk ) k , i = 1,..., n; k ≠ i ,

(1)

where p(w1),…, p(wn),are known prior probabilities.
The optimum decision rule is to reject a pattern x if the maximum of the posterior
probabilities does not exceed some predefined threshold t, which can take values
between 0 and 1 (0 ≤ t ≤1). (Chow, 1970; Pierson, 1998). More explicitly, the
optimum recognition rule is to accept the pattern x and to classify it as belonging to
the kth class whenever the following is true:

p ( wk ) p ( x wk ) ≥ p ( wi ) p ( x wi )

,

(2)

and
n

p ( wk ) p( x wk ) ≥ (1 − t )∑ p ( wi ) p( x wi ) ,
i =1

and to reject the pattern whenever:

(3)
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max[ p ( wi ) p ( x wi )] < (1 − t )∑ p ( wi ) p( x wi ) .
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n

i

i =1

(4)

The term (1-t) (see Figure 2) indicates the maximum values that can be assigned to
the posterior probability p(wi| x ) to do a correct classification of a measurement
pattern.Through Bayes’s theorem, this posterior probability function is related to the
class conditional density by:

p( wi x) =

p( x wi ) p( wi )
p ( x)

(5)

,

where
n

p ( x) = ∑ p ( wi ) p( x wi )

(6)

i =1

is the probability of pattern x . The class probability distributions p(wi) can be
estimated using an iterative method with the patterns belonging to each class (Baram,
1999).
For any fixed value of t, the decision rule (this is used for the correct classification
of samples) partitions the pattern space into two disjointed sets (or regions) A(t) and
R(t) given by:

{

i

{

i

}

A(t ) = x max p ( wi ) p ( x wi ) ≥ (1 − t ) p ( x) ,

}

R (t ) = x max p ( wi ) p ( x wi ) < (1 − t ) p ( x) ,

(7)

(8)

where A(t) is the acceptance region which implies that once the maximum
posterior probability exceeds the threshold (1-t), a classification decision can be
made; R(t) is the rejection region where the equations (3) and (4) hold. The integral of
regions A(t) and R(t) defines the reject rate r(t) and correct classification c(t)
expressed as:

r (t ) = ∫

R (t )

p ( x) dx ,

(9)

which describes the unconditional probability of rejecting a measurement x and

c(t ) = ∫

A( t )

max[ p ( wi ) p ( x wi )]dx ,
i

(10)
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is the probability of correct recognition of the patterns of the measurements. The
probability e(t) of accepting a pattern for classification and incorrectly classifying it is
known as error rate given by:

e(t ) = 1 − c(t ) − r (t ) .

(11)

A correct recognition can be done if given an error rate (error probability) the
reject rate (reject probability) is minimized. In this work, a parametrization to
illustrate its effect on error and reject rate as well as the minimum risk for three
classes is introduced following the work by Chow (1970) for the case of two classes.
Assuming two classes and a pattern x with equal prior probability of occurrence,
p(w1) = p(w2) =1/2, the condition for rejection (Eq. (4)) can never be satisfied when t

[

> ½; this can be explained by the fact that the minimum value which max p ( wi x )
i

can attain is 1/n since 1 =

∑

n

i =1

]

p( wi x) ≤ n max p( wi x) ; using Eq. (4) the
i

threshold rule t ≤ 1 − 1 / n can be obtained (Chow (1970); Webb (2002)) to activate
the rejection option. The reject rate is always zero if t exceeds 1/2, therefore t only
can have values in the range 0≤t≤1/2. To estimate r(t) and e(t) two normal
distributions p ( x wi ) = (1 / σ

2π ) exp(−( x − μ i ) / 2 σ 2 ) are assumed with
2

means μ1 and μ 2 ( μ1 > μ 2 ) and equal covariance
following parametrization:

s2 =

μ1 − μ 2
,
σ

σ2.

Chow (1970) used the

(12)

which describes the separation between the means of the distributions and is the only
parameter of the distributions that r(t) and e(t) depend upon. The error and reject rates
can be expressed using the standard cumulative distribution function

1 z
exp(− x 2 / 2) dx as: e(t ) = Φ (a ) and r (t ) = Φ (b ) − Φ (a ) ,
2π ∫−∞
where a = - s 2 /2-ln(1/t-1)/ s 2 and b=- s 2 /2+ln(1/t-1)/ s 2 (Chow, 1970) . Figure 1,
shows results of error and reject rate in terms of the threshold t and s 2 = 1, 2, 3, 4 .
Φ (z ) =

All curves tend to zero when t=1/2 and to 1 when t=0 proving consistency with the
threshold rule when n=2. The results for two classes are now compared with results in
the case of three classes.
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1,0

s2=1

r
e

e or r

0,8

s2=2

0,6
0,4

s2=1

s2=3
0,2

s2=4

0,0
0,0

0,1

0,2

0,3

0,4

s2=2
s2=3
s2=4

0,5

t
Fig. 1. Reject and error rate in terms of threshold t for two classes considering several
values of the parameter s 2 are shown.

3. Estimation of Error and Reject Rate and Risk for Three Classes
3.1 Error and Reject rate
Accordingly with previous section, to calculate the error rate, Eq. (11), it is necessary
to have the reject rate and the probability of correct recognition; to obtain such results

(

the prior class-conditional probability density functions p x wi

) for each class is

needed. In the case of three classes, assuming a Gaussian distribution, these can be
found as follows:

p (x wi ) =

(

)

2
2
1
e − ( x − μi ) / 2 σ .
2π σ

(13)

In this case a parametrization is introduced after a change of variable in terms of the
means and standard deviation as follows: y = ( x − μ1 ) / σ , s 2 (given by Eq. 12)
and s3 = ( μ 3 − μ1 ) / σ . After some algebra and arranging terms in Eq. (13) (for

i=1,2,3), the corresponding prior class-conditional probability density functions for
three classes are:
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p( y w1 ) =

(

)

2
1
e− y / 2 ,
2π σ

(14)

(

)

(

)

p( y w2 ) =

2
1
e − ( y − s2 ) / 2 ,
2π σ

p( y w3 ) =

2
1
e −( y − s ) / 2 ,
2π σ

The posterior probability densities for each class p(w1| y ), p(w2| y ) y p(w3| y ) are
now given using eq. (14) in Eq.(5).
It can be seen that Eq. (5) allows easy visualization of the intersection points for
different values of s3 and s 2 facilitating to calculate the area under the reject rate
curve, as shown in Figure 2a. Two reject regions can be found, the first between the
intersection points of p(w1| y ) and p(w2| y ) with (1-t), and the second between the
intersection of p(w2| y ) and p(w3| y ) with (1-t) (Figure 2b).
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p(y)

0,020

(1-t)p(y)
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0,0
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6
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10

12

y
(b)
Fig. 2. (a) Probability densities considering threshold t calculated from Eq. (3) assuming equal
class probabilities; (b) a posterior probability densities estimated using Eq. (5); where the
horizontal dashed line represents (1-t) the horizontal threshold; i = 1, 2, 3 indicates the three
class-condition probabilities used in the calculations. The threshold t varies between the
interval (0 ≤ t ≤ 2/3) in the case of three classes.

The error and reject rate for two cases s3 = 1 , s 2 = 0.5 and s3 = 2 , s 2 = 1 are
shown in Figure 3; here it can be seen that the limits of error rate and reject rate
corresponds to the maximum value of threshold t =2/3 for three classes and with a
minimum value in t=0. Hence, this proves the consistency with the threshold rule
t ≤ 1 − 1 / n when n=3. It can be observed that the curves for e and r in the case of
three classes shown in Figure 3 are different of those for two classes described in
Figure 1.
3.2 Decision Rule for the Minimum Risk.
In the previous section, the decision rule was such that the selected class has the
maximum posterior probability p(wi| y ) minimizing the probability of making an
error. Therefore, a new decision rule that minimizes the expected loss or risk is
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t
Fig. 3. Estimation of error (e) and reject (r) rate in terms of threshold t for three classes
assuming s3

= 1 , s 2 = 0.5 (solid line) and s3 = 2 , s 2 = 1 (dash line).

described in Webb (2002); this is very important since in many applications the costs
associated with misclassification depend upon the true class of the patterns as well as
the class to be assigned. This loss is a measure of the cost of making the decision that
a pattern belongs to class wi when the true class is wj.
The conditional risk of assigning a pattern y to class wi can be defined as (Webb,
2002)
n

l i ( y ) = ∑ λ ji p ( w j y ) ,

(15a)

j =1

where

λ ji = cost of assigning a pattern y to wi when y ∈ w j .

(15b)

In this case, a reject option can be introduced to establish a Bayes decision rule in
terms of the conditional risk, the reject region R * can be defined by

{

}

R* = min l i ( y ) > t (Webb, 2002); the decision rule is to accept a pattern y and
assign

i

it

to

a

class

wi if

l j ( y ) = min l j ( y ) ≤ t
j

and

reject

y if

l j ( y ) = min l j ( y ) > t , this decision is equivalent to make a definition of a region
j
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in which is valid a constant conditional risk l ( y ) = t , so that the Bayes decision
0

rule is: to assing

y to class wi if l i ( y ) ≤ l j ( y ) with j=0, 1...,n. This implies that
*

the Bayes decision rule for minimum risk (Webb,2002) gives the minimum risk r
given by
(16)

r * = ∫ t p ( y ) dy + ∫ min l i ( y ) p( y ) dy .
A i =1,..., n

R

In this work, the expression in previous equation is used to calculate the minimum
conditional risk in terms of the threshold t for the case of three classes. The posterior
probability densities p(wi| y ) and the threshold t are used to describe two regions
which are disjoined and complete the reject region. The posterior probability densities
contribute to the reject options used for the calculation of minimum conditional risk
defined in Eq. (16).
Using the Eq. (15), the conditional risk for the case of three classes can be written
as:

l 1 ( y ) = λ11 p ( w1 y ) + λ21 p( w2 y ) + λ31 p( w3 y ),
l 2 ( y ) = λ12 p ( w1 y ) + λ22 p ( w2 y ) + λ32 p ( w3 y ),

(17a)
(17b)
(17c)

l ( y ) = λ13 p ( w1 y ) + λ23 p ( w2 y ) + λ33 p ( w3 y ).
3

A loss function that has been used extensively in practice because of its simplicity
and sensibility is the symmetrical or zero-one loss function. Then, Eq. (15b) results
in:

⎧0 if i = j ⎫
⎬.
⎩1 if i ≠ j ⎭

λij = ⎨

(18)

This function assigns no loss to a correct decision, and assign a unit loss otherwise,
thus, all errors are equally costly. Therefore, minimizing the Bayes risk corresponds
to maximizing the posterior probability (Webb, 2002). Considering Eq. (15b) or Eq.
(18) it can be found that all the terms in the diagonal of Eq. (17) are zero.
After calculations, the minimum risk r* for three classes can be calculated with Eq.
(16) as shown in Figure 4 in terms of the threshold t, the parameters considered here
are s = 1 , s 2 = 0.5 and s3 = 2 , s 2 = 1 . In this Figure 4 it is shown the minimum
risk in terms of threshold. The results are consistent with fact that the risk goes to zero
when t=0 and is maximum when t=2/3. The best performance of a pattern recognition
system is realized when this minimum risk is reached.
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0,6
0,5

s3=1, s2=0.5

0,4

r*

s3=2, s2=1
0,3
0,2
0,1
0,0
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

t
Fig. 4. Minimum risk r* in terms of threshold t for three classes, with parametrization

s3 = 1 , s 2 = 0.5 (dash)

and

s3 = 2 , s 2 = 1 (solid).

4 Conclusion
The Bayes decision rule to obtain the reject rate for a pattern recognition system for
the case of three classes was estimated. A simple parametrization to illustrate the error
rate as function for a given threshold was proposed. It was showed the validity of the
threshold rule t ≤ 1 − 1 / n in the case of three classes. It was discussed that when a
threshold t, which partitions the measurement space, is fixed, determination of the
minimum risk and error rate is allowed. It was showed that through the definition of
the threshold t a more efficient pattern recognition system can be reached if the
minimum risk is known.
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Abstract. Credit risk is the primary source of risk to financial institutions. As
part of the credit risk assessment, the New Basel Accord suggests more
granularity in risk-rating classes than currently exists. Credit scoring is one of
important tools help financial institutions to hedge the credit risks. Support
Vector Machine (SVM) is a new machine learning method based on the idea of
VC dimension and Statistical Learning Theory (SLT). It is a good classifier to
solve binary classification problem and the learning results possess stronger
robustness. In this paper default prediction model of the housing mortgage loan
is established by using SVM. We use grid-search method adjusts these penalty
parameters to achieve better generalization performances in our application.
Keywords: Credit scoring; Credit risks; Support Vector Machine (SVM); Gridsearch; Hoausing mortgage loan.

1 Introduction
Credit risk is the primary risk facing financial institutions. With the proposed
guidelines under the New Basel Accord, financial institutions will benefit from better
assessing their risks [1]. Credit risk is commonly defined as the loss resulting from
failure of obligors to honor their payments. Arguably a cornerstone of credit risk
modeling is the probability of default (PD) [2]. The housing mortgage is an important
component of bank loan. However, there are huge credit risks that banks take back
the principals and interest of loan with default of the consumers. Managers in the
bank require the ability to predict the proportion of mortgages that will be defaulted.
Many methods have been used to estimate default. Standard & Poors (S&P) and
Moody have employed accounting analytic and migration analysis to predict the
probability of default. Statistical methods for forecasting default risk include linear
discriminant analysis [3], [4], the logistic regression model [5], [6]. The above
methods typically require large data to build the forecasting model. However, there
are not large data to use in real-life.
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There is a credit scoring system for consumer mortgage loan application to
produce an internal rating. It is a traditional approach based an empirical model,
which takes into account various quantitative as well as subjective factors, such as the
consumers’ age, household income, interest rate, etc. Through this scoring system,
analyzing all the pieces of information in your credit record and summarizing them in
a number calculate a credit score of a consumer. A company named Fair, Isaac & Co.
(FICO) developed a mathematical way to look at factors in your credit record that
may affect your ability and willingness to repay a debt [7]. The problem with this
approach is of course the subjective aspect of the prediction, which makes it difficult
to make consistent estimates. The credit scoring problems can transform to
classification than predict the probabilities of defaults. Recent researches have shown
that Artificial Intelligence (AI) methods achieved better performance than traditional
statistical methods [8], [9].
This paper applies SVM to estimate the mortgage default. In general, SVM has
good generalization performance. However, there are some cases that the numbers of
data in different classed are imbalance. The over-fitting of classifier affects the
generalization performance of model. The kernel parameters γ and upper bound C
control the generalization of SVM. Chang and Lin give a grid-search method to find
the best parameter for SVM kernel and upper bound C [10]. We extend and use this
method that adjusts these penalty parameters to achieve better generalization
performances in our application.
This paper is organized as follows. Section 2 introduces the Support Vector
Machine. In section 3, we described the methodology and procedure in assessment
mortgage default, and defined default accuracy and normal accuracy to measure the
performance of prediction model. In section 4, a real-life mortgage data set is to test
the prediction model. Finally, we summarize the work in section 5.

2

Support Vector Machine and Parameter Selection

In this section, we give a brief review of SVM classification. SVM is a novel-learning
machine first developed by Vapnik. It is based on the Structural Risk Minimization
(SRM) principle from computational learning theory [11]. We consider a binary
classification task with input variables xi (i = 1,..., l ) having corresponding
labels yi = ±1 . SVM finds the hyperplane to separate these two classes with a
maximum margin. This is equivalent to solving the following optimization problem:

1 T
w ⋅w
2
Subject to: yi ( w ⋅ xi + b) ≥ 1
Minimize:

(1)

By introducing Lagrange multiples α i for the constraints in the (1), the problem
can be transformed into its dual form
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α
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l
1 l l
yi y jα iα j ( xi ⋅ x j ) − ∑ α j
∑∑
2 i =1 j =1
j =1

l

Subject to:

∑yα ,
i =1

i

i

α i ≥ 0, i = 1,..., l

(2)

Fig. 1 is a sample linearly separable case. Solid points and circle points represent
two kind of sample separately. H is the separating hyperplane. H1 and H2 are two
hyperplane through the closest points (the Support Vectors, SVs). The margin is the
perpendicular distance between the separating hyperplane H1 and H2.

Fig. 1: Optimal Separation Hyperplane
To allow some training errors for generalization, slack variables

ξi

and penalty

parameter C are introduced. The optimization problem is re-formulated as
l
1 T
w ⋅ w + C ∑ξi
2
i =1
Subject to yi ( w ⋅ xi + b) ≥ 1 − ξ i

Minimize

The purpose of C

∑

l

ξ

i =1 i

(3)

is to control the number of misclassified samples. The

user chooses the parameter C so that a large C corresponds to assigning a higher
penalty to errors term [12]. In addition, for some classification problems, numbers of
data in different classes are imbalanced. The imbalance may come from the unequal
proportion of samples between the different classes or the unequal density of the
clusters in the feature space even if the populations are the same. Thus, a method
using different penalty C + and C − for each class to adjust the penalties on the false
positive and false negative [13]. Finding this hyperplane can be translated into the
following optimization problem:
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1 T
w ⋅ w + C+ ∑i:y =1ξi + C− ∑i:y =−1ξi
i
i
2
Subject to
y i ( w ⋅ xi + b ) ≥ 1 − ξ i

Minimize

(4)

For nonlinear case, we map the input space into high dimension feature space by a
nonlinear mapping. With a suitable choice of kernel the data can become separable in
feature space despite being non-separable in the original input space. Here are three
kinds of kernel function which are most commonly used:
Polynomial: K poly ( xi , x j ) = (γxi x j + r ) , γ > 0.
T

d

RBF: K rbf ( xi , x j ) = exp(−γ || xi − x j ||2 ), γ > 0.
Sigmoid: K sig ( xi , x j ) = tanh(γxi x j + r ).
T

Here, γ , r and d are kernel parameters. Every kernel has its advantages and
disadvantages [14]. The kernel type, kernel parameters and the penalty parameter C
control the generalization of Support Vector Machines. The best choice of kernel of C
depends on each other and the art of researcher.

3 Methodology
The estimation of mortgage defaults is a two-class classification task. Accuracy is the
typical performance measure for two-class classification schemes. However, two
learning algorithms can have the same accuracy, but the one which groups the errors
near the decision border is the better one.
In order to appraise the performance of the classifier, Default Accuracy and
Normal Accuracy are selected as standard criteria. We define the default accuracy
and normal accuracy as:
default samples classified
(5)
Default Accuracy =
total default samples
normal samples classified
(6)
Normal Accuracy =
total normal samples
The advantage of the default accuracy and normal accuracy is that that they are a
good indicator of whether the errors are close to the decision border or not. Given
two classifiers with the same accuracy, the one with high default accuracy and normal
accuracy is the better one. This definition is equivalent to the definitions of False
Alarm and Miss Rate in [15].
Since there are three measures of SVM performance, searching for the optimal
solution of SVM parameters is a multi-objective programming. We use RBF kernel to
map the input space into high dimension feature space, and use different upper
bounder C + and C − for different classes.
The grid-search method use cross-validation on C and γ . Basically pairs of

(C , γ ) are tried and the one with the best cross-validation accuracy is picked. The
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grid-search is straight forward but seems stupid. However, there are two motivations
why we prefer the simple grid-search approach. One is that psychologically we may
not feel safe to use methods which avoid doing an exhaustive parameter search by
approximations or heuristics. The other reason is that the computational time to find
good parameters by grid-search is not much more than those by advanced methods
since there are only two parameters. Furthermore, the grid-search can be easily
parallelized because each (C , γ ) is independent. The grid-search method in [10] just
is used in training data sets; we extend to use the method in training and test data sets.
The best parameters not only are of the training data sets but also of test data sets.

4 Experiments Results and Analysis
The available default estimation data set in housing mortgage loan is provided by a
major commercial bank of China. This data set contains 18960 samples from January
1998 to December 2004. We defined two classes: “good” and “bad” customers. The
“bad” customer is the borrower with at least one defaulted instalment, or more than 3,
the one that did not pay one instalment over a period of three months. The “good”
customer is the borrower who repayment on time. The data is typically from a sample
of applicants who have been granted credit already. The data is imbalanced; the “bad”
class is rare class.
All customers are the bank’s consumer who had applied to the bank for mortgage
loan. The Data sets consisted of the customer information and the other information
of the loan application form. There are 3 categorical attributes and 11 numerical
attributes. Application characteristics available in the data set are summarized in
Table 1. The “good” customers are labeled “1” and the “bad” customers are labeled
“–1”.
Table 1. The input variables

Index
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Indicators
Customer Age
Educational Level
Vocation
Working at Industry
Years at current work
Household income
Price of the House
Area of House
House value at purchase
Monthly Payment
First Payment Ratio
Amount of Contract
Loan Terms
Balance of Loan
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We spitted the data into two sub-datasets evenly, one half for training and the other
half for testing, this is referred to as 50-50 split experiment. The training set includes
9480 samples with 241 “bad” customers and 9239 “good” customers. The test set
includes 9480 samples with 240 “bad” customer and 9240 “good” customers. The
data set is imbalanced between the “bad” and “good” class.
Our SVM for default prediction training code is a modification of LIBSVM [16].
The training tools of LIBVM can set different weight on the parameter C of two
classes. Since doing a complete grid-search is a time-consuming work, so we parallel
do this experiments on 3 PC servers at same time. We give the range of C and γ in

2 −10 ~ 210 and C − / C + = {10, 20, 30}. We get 3 group experiment results and there
are 421 records in every group. The model’ performance of generalization attracts our
more attentions. The Fig. 2 to Fig. 3 show a part of the experiment results.

(a)

(b)

Figure 2. Where C − / C + =10, test mode: (a) the highest Default Accuracy is 0.20; (b)
the lowest Normal Accuracy is 0.95.

(c)

(d)

Figure 3. Where C − / C + =20, test mode: (c) the highest Default Accuracy is 0.50; (b)
the lowest Normal Accuracy is 0.84.
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Table 2 shows a group of detail results in training sets and test sets.
The predicting total accuracy is around 70% both on training and test phases
especially a similar results in Default Accuracy and Normal Accuracy where
C − / C + = 30 and Log ( C + ) = 0 and Log ( γ ) = -6. We consider that the model is
under-fitting on the training set with those parameters. When the penalty parameter C
becomes too small the error term impact will be decrease on the training process. In
general, the real life application is one of nonlinear-classifiable case; we need a
relatively big penalty parameter C in fact.
Table 2. The grid-search results

Training sets
C− / C+
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30
30

Log

Log

( C+ )

(

10
6
10
7
9
8
3
1
2
2
0
8
0
2
3
0
1
-3
-1

γ

)

-2
-3
-4
-3
-4
-3
-9
-7
-8
-6
-5
-10
-6
-8
-8
-7
-7
-4
-6

Test sets

Total
Default Normal
Total Default Normal
Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy
98%
95%
95%
95%
95%
95%
84%
84%
84%
85%
86%
85%
74%
73%
74%
73%
74%
75%
73%

95%
63%
70%
71%
65%
77%
54%
53%
54%
61%
57%
56%
76%
76%
74%
74%
76%
74%
73%

98%
96%
96%
96%
96%
96%
85%
85%
85%
86%
87%
85%
74%
73%
74%
73%
73%
75%
73%

93%
92%
91%
92%
92%
91%
83%
83%
83%
86%
86%
85%
70%
68%
71%
67%
69%
70%
68%

22%
22%
22%
21%
21%
21%
50%
50%
50%
50%
50%
50%
69%
69%
69%
68%
68%
68%
68%

95%
94%
93%
93%
94%
93%
84%
84%
84%
87%
87%
86%
70%
68%
71%
67%
69%
70%
68%

The predicting total accuracy is above 90% both in training sets and test sets where
C − / C + = 10 and Log ( C + ) = 10 and Log ( γ ) = -2, but the Default Accuracy is very
poor in test phase. Obviously we must to provide more detailed analysis why the
results are so poor. We discuss the problem with those experts of the commercial
bank. They give some explanations about the imbalance data set. Due to the housing
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mortgage loan belong to a long-term loan; the period of repayment of credit is
between 5 and 30 years in general. In China the loans are developed just before few
years ago. The default period is not coming so soon. There is a reason for the poor
result that credit information of customers is incomplete and some dirty data in the
data sets.
We compare the respectively-penalty SVM (RP-SVM) in this paper with classic
SVM and other machine learning algorithms. We select the classic SVM, BP Neural
Network and Decision Tree algorithms to training the same data set. Then we predict
the same test data set using their classification model respectively. Table 3 shows the
comparison of predicting result of those algorithms.
Table 3. The comparison of predicting result
Classification Algorithm

Normal Accuracy

Default Accuracy

Total Accuracy

RP-SVM

95.31%

22.45%

93.47%

Classic SVM

95.60%

16.63%

93.60%

BP Neural Network

95.10%

12.05%

92.50%

Decision Tree

95.29%

14.96%

93.26%

It is obvious in the Table 3 that Default Accuracy of RP-SVM is better than other
methods under similar total predicting accuracy, which the predicting accuracy can
increase just 5%. Our future direction of the research would focus on how to improve
the Default Accuracy especially in the testing data set.

5 Conclusions
As we have shown, SVM are capable of estimation defaults from real life mortgage
data. We can adjust just few parameters to obtain the results not very obvious at first
glance. This makes SVM particularly well suited as an underlying technique for
credit rating and risk management methods applied by financial institution. Further
research focus on how to improve the Default Accuracy and Normal Accuracy in the
test data set. We believe that deeper data preprocessing and more suitable parameters
selection will contribute to improve the performance of generalization. Extending the
two-class classification to multi-class classification and introducing fuzzy SVM are
also our future research work.
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Abstract. In this paper we propose a multilevel approach of Ant Colony
Optimization to solve the Traveling Salesman Problem. In this case we use the
Ant Colony System algorithm. The basic idea is to split the heuristic search
performed by ants into two stages. Also, the effect of using local search was
analyzed. We have studied the performance of this new algorithm for several
Traveling Salesman Problem instances. Experimental results obtained show the
Two-stage approach significantly improves the Ant Colony System in terms of
the computation time needed.

1 Introduction
Ant Colony Optimization (ACO) is a metaheuristic used to guide other heuristics in
order to obtain better solutions than those that are generated by local optimization
methods. In ACO a colony of artificial ants cooperates to look for good solutions to
discrete problems. Artificial ants are simple agents that incrementally build a solution
by adding components to a partial solution under construction. This computational
model was introduced in 1991 by M. Dorigo and co-workers [12] and [13].
Information about this metaheuristic can be found in [1], [3] and [5].
Ant System (AS) is the first ACO algorithm; it was introduced using the Traveling
Salesman Problem (TSP) [2] and [4]. In TSP, we have a set of N fully connected
cities {c1, …, cn} by arcs (i,j); each arc is assigned a weight dij which represents the
distance between cities i and j, the goal is to find the shortest possible tour visiting
each city once before returning to initial city. When ACO is used to solve this
problem, pheromone trails (τij) are associated to arcs which denote the desirability of
visiting city j directly from city i. Also, the function ηij= 1/dij indicates the heuristic
desirability of going from i to j. Initially, ants are randomly associated to cities. In the
successive steps ant k applies a random proportional rule to decide which city to visit
next according to expression (1):
pijk =

(τ ij )α * (ηij )β

∑ (τ il )α * (ηil )β

if

j ∈ N ik

(neighborhood

of

ant k )

(1)

l∈N ik
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where α and β are two parameters to point out the relative importance of the
pheromone trail and the heuristic information, respectively. After all ants have built
their tours the values τij are updated in two stages. First, τij values are decreased by
evaporation, τij=(1-α)*τij, using the parameter α, where 0<α<1. This to avoid
unlimited accumulation of pheromone. Secondly, all ants increase de value of τij on
the arcs they have crossed in their tours, τij=τij+Incij, where Incij is the amount of
pheromone deposited by all ants which included the arc (i,j) in their tour. Usually, the
amount of pheromone deposited by ant k is equal to 1/Ck, where Ck is the length of
the tour of ant k.
Some direct successor algorithms of Ant Systems are: Elitist AS, Rank-based AS
and MAX-MIN AS. A more different ACO algorithm is Ant Colony System (ACS).
ACS uses the following pseudorandom proportional rule to select the next city j from
city i.

{

}

⎧⎪arg max k τ ij * (η il )β if q ≤ q 0
l∈N i
.
j=⎨
⎪⎩random selection according to (1) otherwise

(2)

where q is a random variable uniformly distributed in [0,1], q0 which is a parameter
taken in the interval [0,1], controls the amount of exploration, and α=1 in the random
selection (expression 1). In ACS, ants have a local pheromone trail update (τij=(1-ξ)*
τij+ ξ*τij(0)) applied after crossing an arc(i,j), where τij(0) represents the initial value
for the pheromone, and a global pheromone trail update (τij=(1-α)* τij + α*Incij)
executed only by the best-so-far ant.
In this paper, we propose a new approach to ACO in which the search process
developed by ants is splitted into two stages. We have studied the performance of this
proposal using the ACS algorithms. In the following, we analyze some related works
and introduce the new algorithm. After that, the performance of it is studied in the
case of the Travelling Salesman Problem (TSP). Finally we conclude our findings.

2 Related Work
The problem of finding low cost tours in reasonable time rather than solving the
problem to optimality in the case of the TSP using a multilevel approach was
addressed in [8]. The multilevel idea was first proposed by Bernard and Simon [9] as
a method in speeding-up the recursive spectral bisection algorithm partitioning
unstructured problems. It has been recognized that an effective way of accelerating
search algorithms is to use multilevel techniques. The approach presented in [8]
progressively coarsens the TSP, initializes a tour and then employs either the
Lin-Kernighan or the Chained Lin-Kernighan algorithms to refine the solution on
each coarsened problem; the resulting multilevel algorithm is shown to considerably
enhance the quality of tours.
On the other hand, authors in [10] present a multilevel approach to ACO, for
solving the mesh partitioning problem in the finite element methods. The multilevel
ant colony algorithm performs very well and it is shown to be superior to several
classical mesh partitioning methods. Their studies show that ACO was successful to
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solve the graph-partitioning problem in the case of graphs of smaller size as a result of
this, they enhanced the basic ACO with a multilevel technique. That is, a set of the
largest independent subgraph is created from the original graph, these are optimized
using ACO, and then the optimized partition is expanded.
In the model proposed in this paper we use a multilevel approach to solve the TSP
motivated by the fact that it was shown that a multilevel strategy is beneficial in order
solve the TSP [14]. In this case, we introduce the multilevel approach to ACO.
However, this model differs from the previous approach [10] in some aspects: (i) the
search process developed by the ants is divided in two stages instead of on a grouping
of cities; (ii) the search process developed by ants is partitioned into two more simple
search processes instead of partitioning the problem into more simple subproblems;
(iii) the partial solution obtained in the first level is used as initial state for the search
of the ants in the second level.

3 Two-Stage ACS Algorithm
The Two-Stage Ant Colony System algorithm (TS-ACS) proposed in this
investigation is based on the following idea: to divide the search process made by the
ants in two stages, so that, in the first stage preliminary results are reached (partial
solutions) that serve as an initial state for the search made by the ants in the second
stage. In the case of TSP, this means that tours containing a subset of cities are
generated in the first stage, in the second stage, these routes will serve like an initial
state for the ants.
The determination of the initial state in which the search process starts has been an
interesting problem in heuristic search. It is well known that the initial state has an
important effect on the search process. The aim is to be able to approach the initial
state to the goal state. Of course, it is necessary to consider an
adequate balance between the computational cost of obtaining that initial state and the
total cost; in other words, the sum of the cost of approaching the initial state to the
goal state plus the cost of finding the solution from that “improved” initial state
should not be greater than the cost of looking for the solution from a random initial
state.
More formally, the purpose is the following. Let Ei be an initial state randomly
generated, or obtained by any other method without a significant computational
cost, Ei* is an initial state generated by some method M that approaches it to the goal
state, CM(Ei*) denotes the cost of obtaining the state Ei* from Ei using the method M,
and CCHSA(x) is the computational cost to find a solution from state x using a
Heuristic Search Algorithm (HSA). Then, the objective is that CM(Ei*) + CCHSA(Ei*) <
CCHSA(Ei).
In the TS-ACS proposed here, the procedure to generate Ei* and the HSA are both
the ACS algorithm, so the objective is CACS(Ei*) + CCACS(Ei*) < CCACS(Ei). As ACS is
used in both stages, the difference between the 2 stages is obtained by giving different
values to some parameters of the model in each stage.
A ratio (r) is introduced in order to establish the relative setting of the values of the
algorithm’s parameters in both stages; the ratio indicates which proportion of the
complete search is given to the first stage. For instance, if r=0.3, means that the first
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stage will cover 30% of the search process and the second stage the remaining 70%
(see an example of the application of this ratio in next section).
The setting of the ratio r has a high influence on the overall performance of the
algorithm. A high value of r, say almost 1, causes the state Ei* to be closer to the goal
state, by doing so the value of CACS(Ei*) may increase and the value of CCACS(Ei*) will
decrease. But, in addition to this balance between the costs of CACS(Ei*) and
CCACS(Ei*), we have the problem about how much the space search is explored; while
more greater is the rate r, the search in the second stage decreases for several reasons:
(I) there are less ants working, (II) the amount of cycles decreases, and (III) although
the quantity of possible initial states for the second stage must grow when r grows,
that amount is already limited by the result of the previous stage.
Therefore, a key point is to study what value of rate r is the best in order to obtain
the best balance between the searches in both stages. This value must allow:
• To minimize the value of CACS(Ei*) +CCACS(Ei*).
• To allow an exploration of the search space that guarantees to find good solutions.

4 Two-Stage ACS in the Travelling Salesman Problem
When applying the ACS algorithm to the TSP, the ants begin the search starting from
random initial states; that is, in each cycle an ant begins its tour in a randomly
selected city, and chooses the next city to visit using rule (2). In the beginning no
pheromone information is available to guide the search, only the heuristic information
is present. On the contrary, the TS-ACS constructs partial tours (they do not include
all the cities) in the first stage; this information serves as initial state for the ants in the
second stage of the search process. In other words, instead of restarting the search
from scratch every cycle, ants use the partial tours built in the first stage as the
starting point in the second stage.
In TSP the parameters whose values are set depending on the ratio r are: the
quantity of ants (m) to use in each stage, the number of cycles to execute in each stage
(nc), and the amount of cities (cc) that must be included in the tour in each stage. In
the experiments reported below we compare the conventional single stage ACS with
the proposed Two Stages ACS. The setting of the parameters is done in the following
way. Suppose a setting of the parameters for the conventional ACS algorithm as
follows: m=100, nc=100, and cc=30, and a setting of the ratio as r=0.3, then the
values of these parameters for the Two Stage ACS were set as follows
m1=100*0.3=30, nc1=100 * 0.3 = 30 and cc1=30 * 0.3 = 9 for the first stage; and
m2=100 * 0.7 = 70, nc2=100 * 0.7 = 70 and cc2= 30. Meaning that 30 ants execute the
ACS algorithm during 30 cycles starting from random cities and constructing tours of
9 cities. In the second stage, 70 ants will execute ACS algorithm during 70 cycles
forming tours of 30 cities. This means that in the first stage 30% of the ants, search
for solutions which is reduced in size (tours including only 30% of the cities), and this
in 30% of the total number of cycles. In the second stage the remaing 70% of the ants
are used, they get 70% of the total number of the cycles, in order to find solutions to
the complete problem. When the first stage is finished, we select a subset of solutions
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(denoted by EI) containing a quantity (cs) of the best solutions (tours with shortest
distance) found in the first stage.
A refinement algorithm based on a local search strategy is introduced to improve
the results of the first stage which explores small regions of the solution space. This
means, the partial solutions in the set EI resulting from stage 1 are improved using the
well known 2-opt procedure [11]. The TSP 2-exchange neighborhood of a candidate
solution s consist of the set of all solutions s* that can be obtained from s by
exchanging two pairs of arcs in any possible way [5].
This improved EI subset, provides the initial states for the second stage. This
means that in each cycle of the second stage each ant chooses, in a random way, an
element of EI is a tour and positions itself in a randomly selected city belonging to the
tour. After that, the ant will add other nc2 cities to this tour using the ACS algorithm.
The initial values of the pheromones in the second stage are those attained at the end
of the first stage.
The TS-ACS-TSP algorithm is given below:
Given the parameters (beta, rho, epsilon, cc, factor r, number of solutions in EI (cs))
P0: Define the quantity of ants (m) either like an
input data or by using some method depending on the
number of cities.
P1: Stage 1.
P1.1: Calculate the parameters for the first stage:
m1= r*m
nc1= r*nc
cc1= r*cc
P1.2: Apply the ACS algorithm, which in the first stage
develops nc1 cycles.
P1.3: Set of tours ← Tours generated by ACS algorithm
in the first stage.
P2: Stage 2.
P2.1: Calculate the parameters for the second stage:
m2= m-m1
nc2= nc-nc1
cc2= cc
EI ← Selecting the best cs solutions from Set
of tours.
P2.2: Apply a local search to improve partial solutions
in EI set.
P2.3: Apply the ACS algorithm, which in the second
stage develops nc2 cycles, using the elements of EI like
initial states for the ants in the second stage.

5 Experimental Results
A comparative study of ACS and TS-ACS algorithms in the TSP was done by using
public available (or benchmark) data base for this problem [7].
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For these experiments we use the following parameter setting: α=0.1, ξ=0.1, a
quantity of ants m=10 and a number of cycles nc=1000. Firstly, we studied the values
{1, 3, 5} and {0.3, 0.6, 0.9} for β and q0 respectively. Table 1 shows the different
values of β and q0 with which the best solution was obtained for each database. These
values β and q0 were selected to develop the next experiments. The column “Best
solution” indicates the best solution reported back for that problem in the
corresponding database, and the column “Best solution with ACS” contains the best
solution found by our implementation of the ACS algorithm.
Table 1: Best solutions obtained using ACS algorithm.

Data base
bays29.tsp
berlin52.tsp
st70.tsp
rd100.tsp
ch150.tsp
kroA200.tsp
tsp225.tsp
a280.tsp
lin318.tsp
pcb442.tsp
rat783.tsp

Best solution
(BS)
2020
7542
675
7910
6942
29368
3919
2579
42029
50778
8806

Best solution
with ACS
2048
7650
762
8670
6867
32712
4285
2904
47328
58265
12255

Time (ms)

β

q0

1062
3801
7632
18140
54001
112982
148351
271179
398572
973212
5081400

5
5
5
5
5
5
3
3
3
3
3

0.6
0.6
0.6
0.6
0.6
0.6
0.9
0.9
0.9
0.9
0.9

Secondly, we developed experiments to determine an adequate value for the ratio.
We run the TS-ACS-TSP algorithm using several values for the ratio r = {0.2, 0.25,
0.3, 0.4, 0.5}. Tables 2 and 3 show the results averaged over 6 runs. The quality of
the solution and the time cost were measured. Moreover, we made the comparison
without using local search and with using the 2-opt procedure to improve the solution
generated by ACS and TS-ACS algorithms.
The comparison with respect to the quality of the solution is presented in Table 2.
The column “Best solution with ACS plus 2-opt” contains the best solution found by
the ACS algorithm plus a local search developed with 2-opt procedure; the column
“Best solution with TS-ACS” contains the best solution found by TS-ACS algorithm
and the corresponding ratio with which it was found; the column “Best solution with
TS-ACS plus 2-opt after first stage” contains the best solution found by TS-ACS
algorithm plus a local search developed with 2-opt procedure applied to the solutions
obtained after stage 1, and the column “Best solution with TS-ACS plus 2-opt after
both stages” contains the best solution found by TS-ACS algorithm plus a local search
developed with 2-opt procedure applied to the solutions obtained after the two stage.
The time cost to obtain these solutions is presented in Table 3 (measured in seconds).
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These experimental results can be summarized in the following way:
• In most of the cases TS-ACS algorithm reaches better solutions than ACS. In case
ACS yields the better result, the difference to the results obtained by TS-ACS is
not relevant.
• The time in which TS-ACS algorithm gets those results is between 40% and 50%
of the time needed by the ACS algorithm, that is, the cost in time is reduced by
half.
• A value of rate r between 0.2 and 0.35 produces the best results.
• Greater values for the ratio r decrease the time cost but also the quality (because
the search space is not sufficiently covered).
Table 2. A comparisona between ACS and TS-ACS in TSP (quality solution)

Data base

Best
solution

bays29.tsp
berlin52.tsp
st70.tsp
rd100.tsp
ch150.tsp
kroA200.tsp
tsp225.tsp
a280.tsp
lin318.tsp
pcb442.tsp
rat783.tsp

2020
7542
675
7910
6528
29368
3919
2579
42029
50778
8806

BS with
ACS plus
2-opt

BS with
TS-ACS

2041
7564
739
8345
6673
31598
4115
2827
46006
56861
11917

2058 (0.25)
8034 (0.25)
785 (0.2)
8668 (0.2)
6932 (0.3)
32994 (0.2)
4357 (0.25)
3002 (0.2)
47370 (0.25)
58420 (0.2)
12181 (r=0.3)

BS with TSACS plus 2opt after
first stage
2045 (r=0.2)
7863 (0.25)
763 (0.25)
8658 (0.3)
6896 (0.3)
32889 (0.2)
4204 (0.25)
2944 (0.25)
47003 (0.3)
58369 (0.3)
12202 (0.25)

BS with TSACS plus
2-opt after
both stages
2026 (0.2)
7542 (0.25)
745 (0.25)
8159 (0.2)
6670 (0.2)
31970 (0.25)
4102 (0.2)
2878 (0.25)
46086 (0.2)
56790 (0.2)
11931(0.3)

Table 3. A comparison between ACS and TS-ACS in TSP (time cost)

Data base

BS with ACS
plus 2-opt

BS with TSACS

bays29.tsp
berlin52.tsp
st70.tsp
rd100.tsp
ch150.tsp
kroA200.tsp
tsp225.tsp
a280.tsp
lin318.tsp
pcb442.tsp
rat783.tsp

1231
3937
7851
18721
57803
123852
155151
295464
430637
1040741
5315734

468
1672
3484
10609
20122
64588
74255
126823
154963
396250
2262624

BS with TSACS plus 2-opt
after first stage
606
1719
3609
12492
21984
66781
76120
135987
172492
425612
2490555

BS with TSACS plus 2-opt
after both stages
651
1734
3687
14202
31874
74873
78677
146898
190220
478066
2983343

92

Puris A., Bello R., Nowe A. and Martínez Y.

6 Conclusion
We have presented an improvement of the Ant Colony Optimization based in a
multilevel approach. It consists on splitting the search process developed by ants into
two stages. The study was developed using the Ant Colony System algorithm. In this
approach the values of some parameters (number of ants, quantity of cycles, number
of cities included in each stage, etc.) are assigned a different value in each stage
according to a ratio which indicates what proportion of the complete search
corresponds to each stage.
We studied the performance using different ratio values in the Traveling Salesman
Problem. The best results were obtained when this value is about 0.3.
This new approach to ACO produces an important reduction of the computation
time cost, yet preserving the solution quality.
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Abstract. This paper presents a greedy randomized adaptive search
procedure(GRASP) for the Glass Cutting Problem. The Glass Cutting
Problem deals with the placing of rectangular shapes of diﬀerent sizes
into a rectangular piece having a given width and given length. The
length has to be minimized, thereby minimizing the wastage of glass
which in turn maximizes the proﬁt. This is an NP-hard problem.
Index Terms:GRASP;Glass Cutting Problem;Heuristics . . .

1

Introduction

The industry of glass production [1] is composed of two mainly independent
branches: one producing hollow glass (bottles, glasses, and other diﬀerently
shaped products) and dealing with ﬂat glass (for windows, mirrors, and so on).
This paper deals with the ﬂat glass production, where a large glass sheet is ﬁrst
produced, with an area of some tens of square meters, and individual glass pieces
of various dimensions are then cut from this sheet.
A glass maker usually starts from a set of desired pieces that have been commissioned to him, and a set of sheets to cut from. Loss is created when a sheet can
not be exactly covered by the desired pieces. Loss is constituted by small glass
pieces, called scraps, that cant be utilized in any way.
Contemporary algorithms that deal with this problem mainly base on Heuristic
approach or Adaptive approach. In this paper we present a GRASP (Greedy
Adaptive Reactive Search Procedure) approach to the solution of the problem.
We also claim that the settling time of this algorithm to optimal solution is lesser
compared to the contemporary approaches.
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2

Problem Description

2.1

Geometrical Description

The Glass Cutting Problem consists of ﬁnding the best way of placing a given set
of n rectangular pieces i = 1, .., n of given heights and widths (hi,wi), without
overlapping into a strip of width W and ﬁnite height H. We assume that the
pieces have ﬁxed orientation. An example is shown in Figure 1, in which several
pieces have to be packed into a strip of width W = 40. The problem is NP-hard
in the strong sense because the strongly NP-hard one-dimensional bin-packing
problem can easily be transformed into the Two Dimensional Glass Cutting
problem. Therefore most research eﬀort has been focused on developing heuristic
algorithms for this problem.

Fig. 1. A typical example of a solution to NP-Glass Cutting Problem

2.2

Glass Cutting Technology

In ﬂat glass cutting [1] two separate steps are needed to extract a set of smaller
pieces from a large sheet:
– First, a cutting pattern is scored on the glass sheet using a cutting wheel.
– Second, pieces are separated by using breakout bars, that hit the glass and
create a mechanical stress in the neighborhood of one of the lines that were
scored in the previous step. Internal glass tension breaks the glass in correspondence with the scored lines. Due to the critical breakout mechanism,
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several constraints must be observed when scoring the cutting pattern, the
most notable of which is that cuts must always be drawn from end to end
of a glass piece.In practice, a cutting pattern is composed of a series of endto-end vertical cuts (called X-cuts), breaking the sheet in a series of large
stripes. Each stripe is then cut end-to-end in the horizontal direction (Ycuts). This process may be repeated (W- and Z- cuts) in order to obtain the
desired piece sizes.
Third, a minimum distance between adjacent parallel cuts must be observed,
in order for breakout bars to operate correctly.
Fourth, the extreme borders of the sheet cannot be used due to irregularities:
pieces must observe a minimum distance from the sheet boundary.
Fifth, some sheets might be damaged in some internal point: no piece should
be placed over these points.
Sixth, a maximum distance between adjacent vertical parallel cuts must be
observed, since the cutting machines have a vertical size smaller than the
horizontal one and the pieces need to be rotated during breakout.

Because of all these constraints it is very diﬃcult to make a Non-Adaptive Heuristic algorithm for the problem.

3

Constructive Algorithm

The algorithm adopted to solve the real life glass cutting problem is an iterative
process which is called the constructive algorithm [2]. We follow an iterative
process in which we combine two elements: a list P of pieces still to be packed,
initially the complete list of pieces, and a list L of empty rectangles of inﬁnite
height in which a piece can be packed, initially containing only the strip S of
width W. The rectangles will be denoted by the pair wi, li, where wi is the width
and li is the level of its bottom side. At each step, a rectangle is chosen from
L and, from the pieces in P ﬁtting into it, a piece is chosen to be packed. That
usually produces new rectangles going into L and the process goes on until all
the pieces have been packed. The steps to be followed are as follows– Step 0: Initialization
L = {S}, the set of empty rectangles.
P = {p1, p2. . . pm}, the set of pieces still to be packed, ordered by nonincreasing wi. Ties are broken by non-increasing hi.
Qi is the number of pieces of type i to be packed.
C =; the set of pieces already packed.
– Step 1: Choosing the rectangle in L
Take R* = {w*, l*}, where l* = min {li | {wi, li} ε L}.
Ties are broken by minimum wi. If none of the remaining pieces can ﬁt into
R*:
- L is updated by lifting the bottom side of R* to the minimal level li of its
adjacent rectangles and merging R* with the rectangle(s) of minimum level
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li.
- That leaves a closed rectangle below which is considered waste.
- Go back to select a new R*.
Otherwise, go to Step 2.
– Step 2: Choosing the piece to pack
Once a rectangle R* has been chosen, consider the pieces i of P ﬁtting into
R* in order to choose which one to pack. For each of these pieces i we compute mi= max{m ε Z+ | m*wi ≤ w*m ≤ Qi}, the number of copies of piece
i ﬁtting into the width of R*, and consider all possible blocks of 1, 2, ..,mi
adjacent copies as alternatives to ﬁll R*. The height of a block composed of
k copies of piece i is hi and its width k * wi. All these alternatives form the
set P*. For the sake of simplicity, all the elements of P* will be called pieces
from this point on.
Several criteria have been considered to select the piece to pack:
1. Piece j with maximum width wj , breaking ties by non-increasing hj .
2. Max{wj + 0.1 * hj}
3. Max{wj + 0.5 * hj}
4. The piece j whose height hj is more similar to the diﬀerence between the
bottom side of R* and the bottom sides of one of the adjacent rectangles.
The ﬁrst three criteria are based on the width, trying to ﬁll the bottom of
rectangle R* as much as possible. Each one of them gives a diﬀerent importance to the height of the pieces. The fourth criterion tries to maintain
a proﬁle of the current solution which is as smooth as possible, avoiding
peaks and troughs. However, all these criteria may delay the packing of tall
pieces which will cause large increases in the required height H at the end
of the process. In order to avoid this situation, we complement these criteria
by computing a double estimation of the eﬀect of not packing the tallest
remaining piece. When we select a piece, according to the chosen criterion,
before packing it we check if it is the highest remaining piece ﬁtting in R*. If
that is the case, we place the piece into the strip. Otherwise, we do a double
computation:
We put the tallest piece j into the strip and see if that piece increases the
current required height H. If it does, we determine the empty area, E, deﬁned by the new height and compare it with the area of the pieces still to
be packed, M, plus an estimation of the unavoidable waste involved in the
process: U = (W ∗ LB − A)/4, where LB is a lower bound on the required
length and A is the total area of the pieces. If E > M + U, the tallest piece
j is selected for packing and mj copies of it are packed into R*. Otherwise,
we compute the second estimation.
We put the selected piece into the strip and then we put the tallest piece j
in one of the other rectangles of L or on top of the selected piece, wherever
it produces the minimum required length. We repeat the argument of the
ﬁrst estimation, decide if the tallest piece j is preferred for packing and then
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pack mj copies of it.
– Step 3: Rotation and optimizing
Once the step 2 is completed, the rectangle can be positioned in two ways,
one with its longer side as the base and other with its smaller side as the
base. We have to compute the eﬃciency in both the cases, and adopt the
posture giving more eﬃciency.
The Heuristics used can be represented as follows
1. After ﬁnding a rectangle from the strip database, the algorithm checks if
the rectangle ﬁts in the upright manner. If it does not ﬁt in, the rectangle
has to be ﬂipped and then the optimal placement has to be carried out.
2. The end result expected after this computation is the height must be minimized.
– Step 4: Choosing a position in R* to pack the piece
Usually the piece to be packed does not completely ﬁll rectangle R*. Therefore we have to decide its position inside R*. Obviously, the piece will be
at the bottom of R*, but its position on the left or on the right hand side
of R* has to e determined. Let us denote by Rl and Rr the rectangles of L
adjacent to R* on its left and on its right.
1. If Rl =  (Rr = ), the piece goes on the left (right) hand side of R *. If
Rl = Rr = , the piece is placed on the right hand side.
2. Otherwise, we take into account the levels of Rl and Rr, ll and lr:
If l* + hi = ll (l* + hi = lr), the piece is placed on the left (right) hand
side.
If ll = lr, the piece is placed as near as possible to one strip side.
Otherwise, the piece is put adjacent to the rectangle with maximum level.
– Step 5: Updating the lists C = C ∪ {pi}
Make Qi = Qi k, where k is the number of copies of the piece i forming the
block chosen to be packed. If Qi = 0, remove piece i from the list P Add the
new rectangles to L. Merge two rectangles if they are adjacent and have the
same level.

4

GRASP Algorithm

GRASP has a strong intuitive appeal, a prominent empirical track record, and is
trivial to eﬃciently implement on parallel processors [3]. GRASP is an iterative
randomized sampling technique in which each iteration provides a solution to
the problem at hand. The incumbent solution over all GRASP iterations is kept
as the ﬁnal result. There are two phases within each GRASP iteration: the ﬁrst
intelligently constructs an initial solution via an adaptive randomized greedy
function; the the second applies a local search procedure to the constructed solution in hope of ﬁnding an improvement. In this case GRASP is an iterative
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Fig. 2. Generic GRASP Pseudocode

procedure combining a constructive phase and an improvement phase. In the
constructive phase a solution is built step by step, adding elements to a partial
solution. In order to choose the element to be added, a greedy function is computed, which is dynamically adapted as the partial solution is built. However,
the selection of the element is not deterministic but subjected to a randomization process. In that way, when we repeat the process, we can obtain diﬀerent
solutions. After each constructive phase, the improvement phase, usually consisting of a simple local search, tries to substitute some elements of the solution
which are there as the result of the randomization, by some others, producing
an overall better solution.
4.1

Constructive Phase

In our algorithm the constructive phase corresponds to the constructive algorithm described in Section 3, introducing randomization procedures when selecting the piece to pack. Let si be the score of piece i ε P* on the selection
criterion we are using and smax=max{ si| i ε p* },and let δ be a parameter to
be determined (δ lies between 0 and 1). We have considered four alternatives:
– 1. Select piece i at random in set
C = { j | sj = (smin + δ (smax - smin)) }
(C is commonly called a Restricted Set of Candidates).
– 2. Select piece i at random in set
C = {j | sj = (smax) }
– 3. Select piece i at random from among the best
100 (1 - δ)% of the pieces, irrespective of their score.
– 4. Select piece i from among the whole set P* but
with probability proportional to its score si (pi = si/Σsj).
Using one of these randomization procedures on one of the selection criteria
described above, a piece is chosen to be packed at each step of the constructive
procedure. Nevertheless, the estimations of the eﬀect of the tallest piece are also
taken into account. These estimations are also randomized by using a parameter
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γ. If E > γ ∗ (M + U ), he tallest piece j is selected and a number of copies
randomly chosen between 1 and mj is packed. At each iteration the parameter δ
is randomly chosen in the interval (0.9, 1.6). A preliminary computational study
showed that the term M + U tends to underestimate the total area which will
be required by the remaining pieces and therefore the value of γ should oscillate
above the value 1, though we also allow it to be slightly lower than 1.

Fig. 3. The GRASP Procedure for Glass Cutting Problem

4.2

Determining the parameter δ

A preliminary computational experience showed that no value of always produced the best results. Therefore, we considered several strategies basically consisting of changing the value of δ randomly or systematically along the iterations.
These strategies were:
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– 1. At each iteration, choose δ at random from the interval [0.4, 0.9]
– 2. At each iteration, choose δ at random from the interval [0.25, 0.75]
– 3. At each iteration δ takes one of these 5 values in turn: 0.5,0.6,0.7,0.8,0.9.
– 4. δ = 0.75
– 5. Reactive GRASP
In Reactive GRASP δ is initially taken at random from a set of discrete
values, but after a certain number of iterations, the relative quality of the
solutions obtained with each value of δ is taken into account and the probability of values consistently producing better solutions is increased.

5

Experimentation and Comparison with other
Contemporary Algorithms

To experimentally evaluate the algorithms performance, in terms of result quality
we selected some real benchmarks [5] and a comparison of the results with the
set of commercial optimizers and our algorithm is tabulated.
5.1

Benchmarks

The characteristics of benchmarks used are reported in Figure 4. For each benchmark, the number of diﬀerent piece sized and the total number of pieces are
reported. The reported area is the sum of the areas of all the pieces. The bench-

Fig. 4. Results of the Experimentation
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marks selected are regarded as real cases since they represent actual data used
by some glass makers. Further, they represent critical data, since they are some
cases for which glass makers complained aboutthe optimization eﬃciency. The
total glass area . The glass piece taken given initially is 135*135, the total area
of all the pieces is found to be 16277 m2. The area wastage is found to be (
3+12+15+14) m2 , i.e 44 m2 . The distribution given by the software given is
as shown in ﬁgure 6. The study of the parameter δ in comparison with other
contemporary algorithms give the following results.

Fig. 5. Distribution Result

Fig. 6. Delta Comparison
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Conclusion

We have modiﬁed the conventional GRASP and used a Heuristic approach for
the Glass Cutting Problem. The complete algorithm obtains good results on
large sets of fairly randomized test cases. The algorithm is quite ﬂexible and can
be easily adapted to accommodate other conditions or constraints. Future work
will involve the design of more eﬃcient procedure to check the existence of a
feasible packing layout, in order to take more advantages on the less number of
feasibility tests performed.
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Abstract. This paper presents an approach to deal with Planning and Scheduling
features, which are now required in many real-worls problems, as a model that
interleaves a planner and a scheduler, both playing a similar role in the problem
solving process. Planning studies action selection for obtaining good quality
plans. On the other hand, Scheduling studies the suitable resources application
over any plan. Additionally, in the State-of-the-Art, there are two approaches to
solve these problems: extended Planning and extended Scheduling. The first
approach results in a high computational complexity, and the second approach
uses a rigid plan template (embedded planner) avoiding the possibility of
re-planning. Hence, this paper analyses the challenging points to work in a
collaborative way such as: i) problem modelling, ii) structure definition, iii)
functional behaviour and iv) resolution of planning/scheduling conflicts under a
mixed initiative in a plan whose actions are very dependent on numeric
features.Consequently, this model promises to be efficiently enough to obtain
executable and consistent plans.

1 Introduction and Motivation
In Artificial Intelligence (IA), Planning and Scheduling (P&S) processes have been
studied and applied separately. The first one studies the selection of actions to be
performed to obtain desired goals. The second one considers the requirements for
execute those actions.
However, the IA Planning Community has tried to solve real-world problems
requiring handle parameters like duration tasks, execution costs, limited resource
usage, optimization criteria, temporal constraints, persistent effects, etc., to solve a
great variety of problems, such as logistic plan elaboration, crisis management,
autonomous spatial vehicle navigation (planetary explorers and observation satellites),
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optimization of touristy routes, airports traffic control, energy distribution systems, etc.
[1, 2, 3].
Therefore, it is practically impossible to separate P&S features, because the
selection of an action in a plan is usually conditioned to several temporal constraints,
resource availability and criteria to be optimized [4]. Although it is clear that real-world
problems require features of those IA processes; those processes have been hardly
related to each other, mainly because P&S have been considered as disunited problems
and, obviously, because this is the most immediate approach.
Consequently, P&S processes complement each other perfectly, which clearly
motivates the challenge in designing flexible models to integrate maximal capabilities
from both processes, especially if we consider that they use similar techniques (search
in graphs, use of heuristics, management and reasoning of constraints, etc. [5].)
Question of what is the best design to interleave these processes still remains open
[2,5,6]. In this way, we try to answer that important question proposing an integrated
model for these IA study areas in [4]. Through a description of the architecture of this
system, the information flow inside this model (where we analyze the way in which
both processes cooperate and communicate mutually), its key information to decide
which P&S technology is more appropriated to use for solve real-world problems, we
contribute in this paper with a detailed analysis of main advantages and challenges
obtained of using this system.

2 The Planning and Scheduling Problem
The P&S problem involves the execution of a sequence of actions, which must satisfy
several constraints (temporal and resource availability), in order to achieve the problem
goals, while trying to optimize a metric function.
Let us assume a problem inspired by a interplanetary explorer's scenario (this
problem was introduced in the International Planning Competition 2002,
http://ipc.icaps-conference.org). This problem requires that a collection of
interplanetary explorers navigate to planet surface, finding samples, taking images, and
communicating them back to a control base (lander). Explorer utilization must be
coordinated for avoiding the bottleneck of the communication between the explorer
and the lander, which must be performed only when the lander is visible from the
explorer.
Furthermore, the explorer consumes energy in its various activities and it can only
be recharged at locations that receive sunlight (recharging energy actions are very
limited and need to be carefully planned to manage energy). There are plans that
without energy recharge cannot obtain their goals. This is a clear example of a
real-world problem that makes it necessary to include temporal constraints and
resource availability into planning, as they modify the plan structure, because the plan
generation is highly influenced by the scheduling constraints.
The requirements to model a P&S problem, i.e. in Rovers Domain, contain:
i) Initial state (IS) and problem goals (G), with the propositions that are true at the
beginning of the problem and the facts that need to be achieved, respectively. i.e.
the initial state may be: sunlight locations, the initial quantity of energy of the
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explorer; whereas the goals may be: communicated and received data of the
samples (i.e., rock, soil and images of the explored planet).
ii) Actions, with their durations, conditions and effects for the study of different
alternatives to achieve the goals, i.e. camera calibrating, image taking, etc.
iii) Resources, their availability to execute actions in the plan. They are implicit in
action definition (conditions and/or effects). Actions can modify their propositional
state (calibrated, available, etc,) or their numeric value (decrease energy in 15
units).
iv) Metric function that needs to be optimized as a multi-criteria function that allows
finding solutions with the consideration of several weighted criteria that plays an
important role in the plan, i.e. minimize the energy used and the plan makespan
(total duration).
v) Resources and/or time constraints. They can model the requirements of the
real-world problem. They can be of the obligatory type (strong constraints) or of
the preference type (soft constraints), i.e. deadlines (they limit the duration time to
obtain something) or time windows (sunlight is available from 5' to 20').

3 An Integrated Planning and Scheduling Model
Once we had established the dependency between P&S processes for solving
real-world problems, we reviewed the State-of-the-Art about their integration.
Furthermore, we proposed an integrated model for these IA processes in [4]. En this
way, different approaches have been studied [2, 5, 8, 9]. From a planning point of view,
a planner is extended to handle time and resources (this is known as the temporal
planning approach) [8,12,13]. From a scheduling point of view, a scheduler is extended
to insert a planning component, by providing a previously planned set of activities and,
usually, the order in which these activities must be respected [5]. Those approaches
have high computational complexity, making intractable some problems, and
re-planning was not possible [14] over the rigid plans, respectively.
However, the architecture of this integrated approach provides a general and
flexible model. It is a general model because each process is solved using existing
techniques. Additionally, it is a flexible model because both P&S processes have a
homogeneous role in problem solving. Then, this model creates a collaborative and
strongly coupled integration structure for both IA processes.
3.1 Description of the Integrated Model
The architecture of this integrated model for P&S processes is depicted in Figure 1; it
has two modules, one for each process.
The planning module acts as a plan repairer or re-planner [14] when is found a
time/resource conflict (adding or deleting actions to make the plan executable) or as a
simple planner when it needs to achieve some problem goals. The scheduling module
checks and validates the feasibility of the plan, considering its constraints. The
scheduler allocates actions satisfying resources/time constraints; it also informs and
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collaborates with the planner when it detects scheduling conflicts that require
re-planning techniques [14]. However, this structure needs a data structure called
Action Network (AN) [4], that is shared between both modules (see Figure 2).
AN follows the philosophy of Temporal Constraint Networks (TCN) [10] and
Consumable Resource Networks (RCN) [11] to represent the plan [4], whose nodes
represent time points where actions begin/end. Labeled edges represent: i) the usage of
a resource (note that time is a resource too), ii) causal links between different actions,
and iii) temporal constraints between nodes.
This architecture requires an input plan, with the corresponding domain and
problem. This model could start from an empty plan, but it becomes such a complex
task when there are many State-of-the-Art planners that generate plans efficiently. We
can use a classical planner to tackle that task. Obviously, this type of planner gives
executable plans, but if we provide a non-executable plan, there will not present
conflicts, because one of the objectives of this model is precisely to repair a given plan
and make it executable.
3.2 Used Technology in the Integrated Model
Planning finds executable plans without considering resource requirements; when
planning conflicts are presented, the planning module inserts actions to support
propositions or new sub-goals. Different planning technology is used, i.e. flaw repair
[14] and decomposition [12]. Otherwise, the scheduling module requires to validate
and guarantee the feasibility about time and resources of the AN. A feasible plan is a
consistent plan. From the AI point of view, scheduling algorithms are used for
checking and maintaining the plan arc-consistency, through MAC and AC-3
algorithms [20], with the involved resources and their constraints in the AN, this is a
special case of the Problem of Satisfaction of Constraints (CSP) [10].

Figure 1. Integrated model of P&S processes
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Figure 2. Action Network

3.3 Information Flow in the Integrated Model
Figure 3 and 4 depict the information flow inside the integrated model. The objective is
to verify all actions in the AN to find a plan completely free of conflicts. This
verification is performed from the planning and scheduling point of view (rev_PLN
and rev_SCH) applying next algorithm,
1: rev_PLN ← IS
2: rev_SCH ← ∅
3: while ∃
 a ∈ AN ⎜ a ∉ rev_SCH do
4: {Planning part; reasoning on causal link}
5: a ←earliest action that can be planned (executed) in AN
6: rev_PLN ← rev_PLN ∪ {a}
7: if number_of_conflicts (rev_PLN) > 0 then
8: solve_PLN_conflicts (rev_PLN)
9: {Scheduling part; reasoning on time and resources}
10: for all ai ∈ rev_PLN ⎜ ai ∉ rev_SCH do
11: if ∃ a consistent allocation of ai in rev_SCH then
12:
rev_SCH ← rev_SCH ∪ {ai}
13:
else
14: solve_SCH_conflicts (rev_PLN, heuristic parameters)
Figure 3. General scheme for integrating P&S

First, one action is selected (step 5), and then two main tasks are performed. One is
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to solve the planning conflicts that make the plan no executable, using
solve_PLN_conflicts (step 8). This type of conflict is basically caused by unsupported
action conditions or by mutually exclusive relations between plan actions [4]. When
the planning conflicts have been solved, the other task is to eliminate scheduling
conflicts. This type of conflict is caused by insufficient time and/or resources, using
solve_SCH_conflicts (step 14). In both cases, the planner performs the same task (see
Figure 3) with the technology before mentioned. During the process of solving the
planning problem, the planner eventually calls the scheduler to obtain advice and make
the most convenient decision [4].

Figure 4. Information flow in the integrated model [4]

About the key points of the information flow in this model, there are two calls
(step 8 and 14 of Figure 3) to the planning module (which is the executor):
i)

solve_PLN_conflicts, where planner calls itself in order to fix planning conflicts in
rev_PLN. It tries to solve the planning repairing problem [14].
ii) solve_SCH_conflicts implies solving a scheduling conflict through planning,
because the scheduler detected an over-subscripted resource [19] and this one is a
constraint violation. Then, the planner investigates other actions or the consistent
allocation of resources from rev_PLN. If planner finds a solution to the conflict,
then it allocates the solution using rev_SCH. Additionally, the scheduler provides
important heuristic information to the planner on which actions cannot (and should
not) be removed from the AN and other heuristic parameters. The first case is the set
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of actions that only gives support to problem goals or they provide a unique way to
attain the sub-goals or goals. The second case is the set of actions that helps to
obtain sub-goals, however, they are not unique. Furthermore, the scheduler supplies
a set of constraints in order to guide the planning search as much as possible, that
planner must hold the constraints while it tries to solve the problem. Moreover, the
planner shows the scheduler the planning decision points (where different plans are
obtained). The last one decides which is the best plan.
It is obvious that the planner has a central role in this collaborative task, with the
intelligent guidance given by the heuristic information provided by the scheduler.

4 Main Advantages of the Integrated Planning and Scheduling
Model
Any system is evaluated for the advantages it provides, in this sense we have concluded
that the proposed system is a very viable system because of the quality and quantity of
its advantages, which will be described next,
a)

b)
c)
d)

e)
f)

g)
h)

Flexibility, both modules effectively work in a strongly coupled form, where one
module takes into account the relevant information and valuable advice provided
by the other module. Then, both processes knowingly communicate and
collaborate each other to successfully build a partial plan.
Modularity, in every module there is only one process that maintains its
remarkable work capacity at any time so that it can apply all its techniques when
they are required.
Generality, the proposed architecture considers using this model to solve
problems in any domain, because this model expressly applies existing techniques
in the State-of-the-Art for each mentioned process.
Conflict earlier detection, both processes build and verify the
execution and consistency of the plan step-by-step due to the mutual collaboration,
in other words action-by-action, labeling the allocated actions once these were
revised for each module. Consequently, the modules will opportunely detect the
presence and type of a conflict; this could be for unsupported action conditions,
mutually exclusive actions/propositions (planning problems) or insufficient
resources (scheduling problem).
Conflict immediate solution, as soon as this model detects a conflict, it tries to
instantly solve it, applying the P&S technology before mentioned.
Available operative information between both modules, through the use of two
physical key points that interchange information, i.e., an advice when a conflict is
detected or the system needs to find out which one is the best plan. One module
cannot work without the appropriate guidance from the other one.
Common heuristic information, the scheduler extracts heuristic parameters from
the planning process, and uses its own heuristic parameters in order to be able to
choose the best plan.
Common optimizing criteria, each process has its own optimizing criteria. They
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communicate each other and combine their criteria to make the final decision.
Flexible interface, this model may contain many sub-modules in order to finally
achieve an effective communication.
Architecture simplicity, this is one of the best advantages of our system, because
it freely allows inserting other required modules in order to obtain better plans
without making significant changes.

5 Main Challenges of the Integrated Planning and Scheduling
Model
Because there is not a common language between P&S processes, one of the main
challenges is the design of an interface for mutual communication. From a planning
perspective, there is a well-accepted language to define planning domains, which is
actually called PDDL3.0 [7]. Another challenge of this system is that the mentioned
language has some limitations for describing scheduling features, such as finite
persistent of actions effects (the camera remains calibrated only during 20') and
temporal constraints between actions (image taking must be done 6' before finishing
the calibrated effect).

6 Conclusions and Related Work
From the 90's, combining P&S capabilities during resolution of real-world problems is
a hot topic of research in IA [2,6,8,15,18]. There are two approaches to solve these
problems: extended Planning and extended Scheduling. The first approach results in
high computational complexity [8,12,13], and the second approach uses a rigid plan
template (embedded planner) avoiding the possibility of re-planning [5]. Additionally,
there have been some successful integration models, such as HSTS [16] and ASPEN
[17], however, these systems only work in the domains they were designed. Thus, the
search of a general and flexible design that integrates the P&S processes still remains
open [2, 5, 6].
Otherwise, the architecture of our novel integrated approach proposed in [4]
provides a general and flexible model. It is called a general model because each process
uses existing technologies. On the other hand, it is flexible because both processes have
a homogeneous role in problem solving. Then, this model creates a collaborative and
strongly coupled integration structure of both IA processes.
Notoriously, this model has many advantages and they are considerably important,
as they have been studied in this paper. We have concluded that the proposed system is
a very viable system because of the quality and quantity of its advantages This model is
based on the common idea of the dynamic interleaving of processes, where both are
playing similar roles, not embedded one inside each other. Thus, the planner has the
central role in this collaborative task (with the intelligent guidance given by the
heuristic information provided by the scheduler).
One of their main challenges is the design of an interface for mutual processes
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understanding (note that they use different languages). Additionally, the planning
language has some limitations for describing scheduling features, such as finite
persistent of actions effects and temporal constraints between actions. Its modularity
makes easy to face these challenges, because it successfully helps to insert required
modules. Thus, its flexible architecture allows improvement. Because each process
keeps its own maximal capabilities for early detection and immediate conflict solving,
this integrated model guarantees obtaining the best solution plan. Consequently, this
model promises to be efficiently enough to obtain executable and consistent plans.
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Abstract. In this paper, we propose to use a circle detection task to
evaluate the performance of several edge detection algorithms. The purpose of using this kind of task is to measure the algorithm performance
when edges are present in any possible orientation. We use a GA based
circle detector to ensure sub-pixellic accuracy in the detection of the
circle. Edge detection algorithms are applied to synthetic images with
a single circle with known parameters on them. We analyze the edge
operators response according to three criteria: spurious pixel detection,
ﬁtness value criterion and the center position criterion. These criteria
are equivalent in some sense to Canny criteria for edge detection optimality. We present the tests and results performed with Canny, Roberts,
Sobel, Marr-Hildreth, Prewitt edge detectors and on a custom developed
NN-based edge detector.

1

Introduction

Robotic tasks like navigation, localization and reconstruction require computer
vision methods [1]. Examples of these methods are object recognition [2], tracking objects and image understanding [3]. Some of these methods require the
extraction of features from images like color blobs, texture images or edge information. This paper deals with methods where the main information is detected
from edges. There are some widely used standard edge detectors like the ones
by Canny, Roberts, Marr-Hildreth, Sobel and Prewitt [4].
In particular, to get a good performance in an object recognition task when
using edges as information, we need to select an appropriate edge detector [5].
But, how to select it? We know that the goals of the object recognition task are
the detection and localization of the object. In this order, the ideal detector is the
one that optimizes the performance of the edge detector based on the following
criteria: good detection, good localization and a unique response to a single
edge [6]. Even if Canny proposes mathematical deﬁnitions for these criteria, we
propose to use a speciﬁc task that includes implicitly all of these criteria. In this
work, we present the evaluation of several edge detection algorithms based on a
circle detection task. This task uses edges to detect circles and gives us the circle
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center coordinates in the image with sub-pixellic accuracy. The position of the
center varies if there are more or less edges and also varies according to where
they are located. The comparison is made between the standard algorithms
enumerated above and a neural network-based edge detector proposed in [7].
The paper is organized as follows. A description of the edge detectors under
comparison is given in Section 2. Our proposed procedure to evaluate the performance of edge detectors algorithms is described in Section 3. A description of
the tests and of the results are in Section 4. A discussion of the evaluation and
the results is presented in Section 5.

2

Edge Detection Algorithms

Edges are used to represent objects in tracking tasks or object recognition tasks.
Among the classical edge detectors, we have chosen the following ones to compare
their performance for the circle detection task: Canny , Sobel, Prewitt, Roberts
and the Marr-Hildreth edge detectors . Our choices were selected because we
can test optimal implementations available in software packages like Matlab.
We have also included in our tests a neural-network based edge detector [7]. The
purpose of this inclusion is to compare performance when the edge detector is
designed by using training samples taken under conditions where most of the
classical edge detectors face diﬃculties to satisfy the criteria speciﬁed above.
2.1

Neural Network-based Edge Detector

We employed in this work the neural network-based edge detector that was
previously introduced in [7]. For the sake of self-completeness, we describe here
this edge detector. Neural networks are useful for systems where we have training
examples of the required performance of a system [8], specially when there is an
underlying complex model as in the edge detection problem [9] [10]. The neural
network-based edge detector uses the intensities of the neighborhood pixels for
each pixel of the image (a 3 × 3 pixel window) as inputs for the neural network
to determine if the window center pixel has to be classiﬁed as an edge pixel. The
architecture of the neural network is a multi-layer perceptron with 9 neurons
in the input layer, 6 neurons in the hidden layer and only one neuron in the
output layer. The neural network-based edge detector does not need tuning of
any parameter because this step is performed during the neural network training
phase. As a result of the training step, synaptic weights of the neural networks
converge toward the optimal coeﬃcients for the edge detection problem.

3

Circle Detection for Performance Evaluation

In this section we present our proposed procedure to evaluate the performance
of edge detectors algorithms based on a circle detection task. Firstly, we present
the circle detection algorithm and then we describe the procedure and criteria
that give us the information used to select the best algorithm for such a task.

A Circle Detection Task for Performance Evaluation of Edge Detection Algorithms

3.1
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GA-based circle detector

The circle detection task consists in detecting a circle with known parameters on
an input image that is the result of the application of one of the edge detection
algorithms under test. The algorithm chosen for the circle detection is a method
using genetic algorithms to detect circles [11]. This algorithm features a subpixellic accuracy in the determination of circle parameters. We consider this task
specially suited for performance evaluation of edge detection algorithms because
present edges have orientations in the full range from 0 to 2π radians.
The detected circle is represented by the triad (x0 , y0 , r) with (x0 , y0 ) being
the center of the circle in image coordinates and r is the radius of the circle also
in pixels. Ground truth images used for input to edge detectors were constructed
by software, that is, pixels were drawn for a circular region by considering if they
satisfy the locus of a circle.


1 if (x − x0 )2 + (y − y0 )2 ≤ R
I(x, y) =
0
elsewhere
The ﬁtness function is a measure that relates the number of expected edge
pixels and the pixels that actually are present in the edge image. A ﬁtness
value for the best circle is provided at each run of the GA-based circle detector.
Good detection and good localization criteria are satisﬁed when the actual circle
coordinates obtained using the edge image from the edge detection phase result
are very close to the ground truth parameters of the synthetic images. Uniqueness
of the response to edges is correlated to the ﬁtness value of the detected circle.
A greater value for the ﬁtness function of the detected circle implies that edge
points are unique in the detected circle.
The GA-based circle detector was evolved until there were no changes in
ﬁtness above a 0.01 % of the total number of edge points of the ideal circle.
3.2

Procedure to Evaluate Edge Detection Algorithms Performance
Using a Circle Detection Task

For the procedure, we need a synthetic image including a circle with known
center coordinates and radius. In Fig. 1, we show four of the test images. We
apply then the edge detector under test to each of these images and save the
center coordinates of the best circle detected and also the corresponding ﬁtness
function value. These results are then compared to ﬁnd the optimal edge detector
for the circle detection task.
For all the tests, the parameters employed for the circle detector algorithm
are show in Table 1.

4

Tests and Results

To evaluate performance of edge detection algorithms, we use three criteria. The
ﬁrst criterion concerns spurious edge pixels, that is, the detected edge pixels not
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(a) Scale A, radius = 60 pixels

(b) Scale B, radius = 90 pixels

(c) Scale C, radius = 120 pixels

(d) Scale D, radius = 150 pixels

Fig. 1. Four test images, they present the same center, to know (318.5, 238.5) but
diﬀerent radii (60, 90, 120 and 150 pixels respectively).

Table 1. Parameters of the circle detector
Generations Population Crossover Mutation
Elite
size
probability probability individuals
50
1000
0.80
0.10
2

belonging to the detected circle. The second criterion is the ﬁtness value of the
best detected circle. The last criterion concerns accuracy of the position of the
center of the detected circle.
In Fig. 2, we show the edges extracted by the edge detection algorithms
under test. By using only visual inspection, it is diﬃcult to ﬁnd diﬀerences in
their outputs.
4.1

Spurious Pixels Criterion

Ground truth data for the spurious pixels criterion is obtained by generating a
circle using the parameters found by the GA circle detector. We deﬁne spurious
pixels as the ones that are present in an edge image but they are not part of
the edge ground truth image. Table 2 shows the total number of edge points
in the image, the number of detected edges not belonging to the ground truth
image and the ratio of these quantities. Values in this table are the average of 30
tests. The lower the spurious pixel ratio, the best we can rate the performance
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(a) Canny

(b) NN

(c) Sobel

(d) Roberts

(e) Prewitt

(f) Marr-Hildreth
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Fig. 2. Output edge images for the test image Scale B (radius = 90 pixels) obtained
by the application of six edge detectors under test.

of the edge detector. In our tests, we have found that Canny is the best detector
according to this criterion, followed in the second place by the NN detector.
Table 2. Spurious and detected pixels in the edge image.
Edge Detector Detected Pixels Spurious Pixels Ratio
Sobel
282
20
0.070
Canny
284
6
0.021
NN
404
17
0.042
Roberts
404
18
0.044

4.2

Fitness Value Criterion

The ﬁtness function value gives the fraction of pixels present both in the output
edge image and in the ground truth image. It is used as a indicator of the correct
response and the good localization of the edge points. This value will tend to 1
when the edge detector provides a good localized response.
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We show the behavior of the ﬁtness function value for all the detectors under
test at scale B (r = 90 pixels) in Fig. 3. Best performance is obtained by the
Roberts edge detector. The second place is for the NN based edge detector.
We also show the behavior of the ﬁtness function value through the diﬀerent
scales for each edge detection algorithm under test. For all of them, we have
run 30 tests at each scale. We can see the behavior for Canny, Roberts and the
NN based edge detectors in Fig. 4 (a), (b) and (c) respectively. We can see that
Roberts edge detector decreases its performance for greater scales (C and D).
In the other hand, NN based detector shows a good performance at all scales.
We conclude that for this criterion, the NN based edge detector is the best one.
Canny detector has shown to be the worst edge detector for all scales That is
explained by the fact that it detects a lower number of edges than the other
methods.

1
0.95

fitness function value

0.9
0.85
0.8
0.75
0.7
Canny
NN
Roberts
Sobel

0.65
0.6
0.55
0.5

0

10

20

30
test number

40

50

Fig. 3. The ﬁtness function value of the detected circles shown for scale B.

4.3

Circle Center Criterion

Another test we have performed to evaluate edge detectors was to compare the
center position of the detecte circle in the output edge image against the known
center of the circle. The ground truth center is (318.5, 238.5) for test images at
all scales.
We show in Fig. 5 (a), (b) and (c) the position of the center of the detected
circle for Canny, Roberts and NN edge detectors, respectively. We have run 30
tests at each scale. Graphs share the same axis limits to ease comparison. We
can conclude that the NN edge detector presents a smaller bias from the ground
truth circle center. According to this criterion, Canny detector comes in second
place.
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(a) Canny
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(b) Roberts
1

fitness function value

0.95

0.9

0.85

0.8

Scale A
Scale B
Scale C
Scale D

0.75

0.7

0

5

10

15
test number

20

25

30

(c) NN
Fig. 4. Fitness function values found for the Canny, Roberts and NN algorithms at
diﬀerent scales.

5

Conclusions and Perspectives

The results of our tests are only signiﬁcant for a task like the one used here. Detecting circles and ellipses could be useful in some camera calibration procedures
where an edge detection step is needed.
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(a) Canny
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(b) Roberts
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(c) NN
Fig. 5. Bias of the center position for the circles detected on outputs from the Canny,
Roberts and NN-based algorithms.

We have presented three criteria where a circle detector may be used to evaluate the performance of several edge detectors. There is no an only winner edge
detector for all tests. Additionally we have compared a custom NN edge detector
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and the results show that its performance is good enough as the classical ones.
Tests show the dependence on scale of the classical edge detector performance.
However, the custom NN edge detector maintains its performance through the
diﬀerent scales used for testing.
As a future work, we plan to evaluate the performance on real-time systems that uses edges as main information, in order to face real problems like
illumination and noise.
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Abstract. Agent technology has shown promise in the area of information management and is therefore a good candidate for knowledge management solutions. Intelligent agents have thus played diverse roles in knowledge management systems, as assistants, recommenders, user trackers, etc. Intelligent agents
have also been used in frameworks or architectures whose development was intended to make the implementation of knowledge management systems easier.
It is on this point that we are going to focus in this paper. Many of these architectures and frameworks were developed from a technical point of view, forgetting the knowledge tasks that they should support. Bearing this in mind, we designed a knowledge life cycle which can be taken into account when developing knowledge management systems. Moreover, in this paper we describe a generic multi-agent architecture (based on the knowledge cycle) to help developers to implement knowledge management systems.

1 Introduction
In the last decades, Knowledge Management (KM) has captured the attention of companies as being one of the most promising ways to reach success in this information
era [9]. A shorter life-cycle of products, globalization, and strategic alliances between
companies demand a deeper and more systematic organizational knowledge management [1]. One way to assess an organization’s performance is to determine how well
it manages its critical knowledge.
KM can be defined as a discipline that enables an organization to take advantage
of its intellectual capital, in order to reuse it and learn from previous experience [16].
Skyrme [19] suggests that KM is the purposeful and systematic management of vital
knowledge, along with its associated processes of creating, gathering, organizing,
diffusing, using, and exploiting that knowledge. Due to the importance of knowledge
management, tools which support some of the tasks related to KM have been developed. Different techniques have been used to implement these tools. One of them,
which is proving to be quite useful, is that of intelligent agents [22]. Software agent
technology can monitor and coordinate events or meetings and disseminate information [2]. Furthermore, agents are proactive; this means they act automatically when it
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is necessary. The autonomous behaviour of the agents is critical to the goal of this
research; reducing the amount of work that employees have to perform when using a
KM system. Another important issue is that agents can learn from their own experience. Because of these advantages, different agent-based architectures have been
proposed to support activities related to KM [6]. Some architectures have even been
designed to help in the development of KM systems. However, most of them focus on
a particular domain and can only be used under specific circumstances. What is more,
they do not take into account the cycles of knowledge when proposing to use knowledge management in the system itself. For these reasons, in this paper we propose a
generic multi-agent architecture for creating knowledge in organizations that use
knowledge management techniques. The agents used in this architecture have been
designed to support the different phases of the knowledge life cycle and foster the
creation, storage and dissemination of knowledge.
This paper is structured as follows. In section two we describe different knowledge
models as they have been proposed in the relevant literature. In addition, we put forward our own knowledge model. In section three, previous works based on multiagent architectures are outlined. Section four presents our proposal. Finally, conclusions are explained in section five.

2

Knowledge Processes

One of the most widely discussed approaches is the SECI process [12], where the
interaction between tacit and explicit knowledge emerges as a spiral (knowledge
spiral) that includes four layers of knowledge conversion: socialization involves the
sharing and exchanging of tacit knowledge between individuals, to create common
mental models and abilities, most frequently through the medium of shared experience; externalization is the process of articulating tacit knowledge into comprehensive forms that can be understood by others; combination involves the conversion of
explicit knowledge into a more complex set of explicit knowledge, and internalization is the process of adding explicit knowledge to tacit new knowledge by experimenting in various ways, through real life experience or simulations.
As there is no consensus in defining the stages that form a KM life cycle, Davenport and Prusak identify three tasks of knowledge management: (generation, codification/coordination and transfer) [4]. Wiig, in [24] observes five KM processes:
(knowledge creation, knowledge storing, knowledge use, knowledge leverage,
knowledge sharing). The similarities found in the stages of the models described
previously helped us to define a process that is able to integrate the different proposals. For example, all the proposals consider stages which create, acquire, transfer,
distribute, and disseminate knowledge. Another important aspect to take into account
is that the capture or storing, along with the access or retrieval of knowledge, also
form an important part of a KM life cycle model.
We have therefore chosen those stages that we believe should be supported by an
architecture for developing KM systems (see Figure 1) and which are critical for this
kind of systems. In section four we will explain how our multi-agent architecture
follows this knowledge life cycle model.
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Fig. 1. Knowledge Management Life Cycle Model proposed

3

Related works

Traditional KM systems have received certain criticism, since they are often implanted in the company itself. Employees are consequently overloaded with extra
work, as they have to introduce information into the KM systems and worry about
updating this information. One proposal to avoid this extra burden was to add software agents to perform this task in place of the employees. Later, intelligent agent
technology was also applied to other different activities, bringing several benefits to
the KM process [15, 18].
The benefits of applying agent technology to knowledge management include distributed system architecture, easy interaction, resource management, reactivity to
changes, interoperation between heterogeneous systems, and intelligent decision
making. The set of KM tasks or applications in which an agent can assist is virtually
unlimited, for example: to provide support to cooperative activities [23], to help people find information or experts which/who can assist them in their daily work [3] and
to exploit an organizational memory [6].
Besides these works, we found others which focused on document classification
[13], mailing list management [11], or data mining [7].
These and other existing systems were often developed without considering how
knowledge flows and what stages may foster these flows. Because of this, they often
support only one knowledge task, without taking into account that KM implies giving
support to different process and activities. On the other hand, KM systems often focus on the technology, without taking into account fundamental problems that this
kind of systems is likely to support.

4

A Multi-agent architecture to develop KM systems

As one of our goals is to develop a multi-agent architecture with KM itself, we shall
start this section by describing each stage of our knowledge life cycle, explaining the
type of agent that supports that stage.
4.1 Knowledge Model
•

Knowledge acquisition is the stage responsible for making the organization
knowledge visible. This stage considers the activities necessary to create organ-
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izational knowledge. Furthermore, the acquisition stage determines the organization skills for importing knowledge from external sources. The definition of the
knowledge to be acquired can be assisted by classifying types of knowledge and
knowledge sources [5]. To support this stage we propose to include in our architecture an agent called Captor Agent. The Captor Agent is responsible for collecting the information (data, models, experience, etc) from the different knowledge sources. It executes a proactive monitoring process, to identify the information and experiences generated during the interaction between the user and
groupware tools (email, consulted web pages, chats, etc.). In order to accomplish
this, the Captor Agent uses a knowledge ontology which defines the knowledge
to be taken into account in a domain. Another useful ontology is the source ontology, which defines where each type of knowledge might be found [20]. Both
of these are based on Rodriguez’s ontologies for representing knowledge topics
and knowledge sources [15].
The Captor Agent communicates with another agent (the Constructor Agent)
which is in charge of creating knowledge. For example, when the Captor Agent
acquires information that should be converted into knowledge it sends this information to the Constructor Agent.
One advantage of this architecture is that the Captor agent can work in any
domain, since by changing these ontologies the Captor knows what key knowledge should be found and where it might be.
Knowledge formalizing/storing is the stage that groups all the activities that focus
on organizing, structuring, representing and codifying the knowledge, with the
purpose of facilitating its use [4]. To help carry out these tasks we propose a
Constructor Agent. This agent is in charge of giving an appropriate electronic
format to the experiences obtained so that they can be stored in a knowledgebase
to aid retrieval. Storing knowledge helps to reduce dependency on key employees, because at least some of their expert knowledge has been retained or made
explicit. In addition, when knowledge is stored, it is made available to all employees, providing them with a reference as to how processes must be performed,
and how they have been performed in the past. Moreover, the Constructor Agent
compares the new information with old knowledge that has been stored previously and decides whether to delete it and add new knowledge or to combine
both of them. In this way, the combination process of the SECI model is carried
out, producing new knowledge as the end-result of the merging of explicit
knowledge with explicit knowledge.
Knowledge use is one of the main stages, since knowledge is useful when it is
used and/or reused. The main enemy of knowledge reuse is ignorance. Employers often complain because employees do not consult knowledge sources and do
not take advantage of the knowledge capital that the company has [21]. KM systems should offer the possibility of searching for information; they can even give
recommendations or suggestions, with the goal of helping users to perform their
tasks by reusing lessons that have already been learnt, and previous experiences.
In our framework the agent in charge of this activity is the Searcher Agent,
which searches in the knowledgebase for information that is needed. The result
of the search will be sent to the Interface Agent. This will be explained in the
next section. This agent could be implemented with different retrieval tech-
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niques. Since this architecture is proposed at a high level, these aspects will not
be dealt with in this paper. However, we would like to emphasize that the
Searcher Agent fosters the internalization process of the SECI model, since the
employees have the opportunity of acquiring new knowledge, by using the information that this agent suggests.
Knowledge transfer is the stage in charge of transfering tacit and explicit knowledge. Tacit knowledge can be transfered if it has been previously stored in shared
means, for example: repositories, organizational memories, databases, etc. The
transfer stage can be carried out by using mechanisms to inform people about the
new knowledge that has been added. For this stage we propose a Disseminator
Agent, which must detect the group of people, or communities, who generate and
use similar information: for example, in the software domain, the people who
maintain the same product or those who use the same programming language. So
this agent fosters the idea of a community of practice in which each person
shares knowledge and learns, thanks to the knowledge of the other community
members. Disseminated information may be of different types; it may be information linked to the company’s philosophy, or specific information about a given
process. Finally, the Disseminator agent needs to know exactly what kind of
work each member of the organization is in charge of, together with the knowledge flows linked to their jobs. In order to do this, the Disseminator Agent contacts a new type of agent called the Personal Agent, which gives him information
about the profiles of the user. Comparing this stage with the SECI model we can
say the Disseminator Agent fosters the socialization process, since it puts people
who demand similar knowledge in touch with each other. Once in contact, they
can share their experience, thus increasing their tacit knowledge.
Knowledge Evolution. This stage is responsible for monitoring the knowledge
that evolves on a daily basis. To carry out this activity we propose a Maintenance
Agent. The main purpose of this agent is to keep the knowledge stored in the
knowledgebase updated. Information that is not often used is therefore considered by the Maintenance Agent as information that could possibly be eliminated.

4.2 Multi-agent Architecture
Once the knowledge model which the architecture is based on and the agents which
support the different stages are defined, we can then define how the agents are organized into different agencies. Figure 2 shows that the architecture is formed of two
agencies, made up of several agents.
The Knowledge Agency consists of the Constructor Agent, the Captor Agent, the
Searcher Agent, the Disseminator Agent and the Maintenance Agent, previously
described in Section 4.1. Therefore, the agency is in charge of giving support to the
KM process.
The User Agency consists of the Interface Agent and the Personal Agent. The Interface Agent acts as an effective bridge between the user and the rest of the agents.
Thus, if any agent wants to give a message to the user, the agent needs to send it to
the Interface agent, which is the only one allowed to “talk” to the user. The Interface
Agent also communicates with the Personal Agent, which obtains user profiles and
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information that are relevant to users’ knowledge and which help to determine the
expertise level and knowledge that each person has, or that a given person may need.
Another component used in this architecture is the Shared Ontology, this ontology
is shared by all agents and provides a conceptualization of the knowledge domain.
The Shared Ontology is used for consistent communication of the agencies.

Fig. 2. Multi-agent Architecture for KM Systems

4.3 Agents Collaboration
As was mentioned before, the agents must collaborate with other agents. In order to
show how they collaborate, we are going to describe a possible scenario that can take
place in an organization.
Scenario
Let us imagine that a person is writing a mail and that the agents start to work, in
order to check whether the mail contains information that should be stored in the data
base (we are supposing that the employees know that the mails are being looked at in
this way and that they agree to this). As Figure 3 shows, the Interface Agent captures
each event that is triggered by the Employee. In this case the employee sends an
email. Then the Interface Agent advises the Captor Agent that an event has been
triggered. Afterwards, the Captor Agent determines the type of groupware tool used
(email) to identify and obtain information topics about related tasks. In order to obtain information from the mail, a new agent can be added to the system (it would not
form part of our architecture) but would be an agent that has been already developed
to assist in this task. There are several implemented agents in existence for dealing
with email [8]. Most of the current implementations are text classifiers [17] or keyword extractors [10]. The Captor Agent would study whether the information sent by
the “email agent” should be transformed into knowledge. Finally, the Constructor
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Agent receives the information which is structured in the form of, for instance, cases,
for its later storage.

Fig. 3. Scenario of Agent Collaboration

4.4 Design of the Multi-agent Architecture
Methodology
This architecture has being designed by using INGENIAS [14] which provides
meta-models to define MAS, and support tools to generate them. Using meta-models
facilitates the development of the system enormously, since they are oriented to visual
representations of concrete aspects of the system. Below, we are going to use the
agent meta-model diagrams to describe the roles and tasks of each agent proposed in
our architecture.
Figure 4 shows the goal, roles and tasks performed by the Captor Agent. The goal
of this agent is to obtain information that should be stored. Its role is “filter” since it
must decide what information should be transformed into knowledge; the purpose
being to use it in future projects.
In the following lines, we describe each one of the task carried out by this agent.
- CaptureInfo: The agent must capture information.
- IdentifyIS: This task consists of identifying available information sources in
the system.
- SendToConstructor: Once the suitability of storing the information has been
analyzed, the Captor sends it to the Constructor Agent.
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Fig. 4. Captor Agent diagram

Fig. 5. Constructor Agent diagram

Figure 5 shows the role and tasks performed by the Constructor Agent whose roles
are: sculptor and treasurer since it is in charge of giving an appropriate electronic
format to the information (sculptor) and of storing it in the knowledgebase (treasurer). The tasks developed by Constructor Agent are:
- CompareInfo: The agent is in charge of comparing the new information with
the previously stored knowledge.
- CombineInfo: The agent is also in charge of combining the new information
with the previously stored knowledge. In this way, the combination process of
the SECI model is carried out, producing new knowledge which comes about
as a result of the merging of explicit knowledge with explicit knowledge.
- ClassifyInformation: Another task is to classify the information received by
the Captor Agent (for instance: models, structures, files, diagrams, etc.).
SendToDisseminator: This is a critical task which consists of sending knowledge to the Disseminator Agent.
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SaveKnowledge: One of the most important tasks is to store the new knowledge in the knowledgebase.
In this paper, only the Captor and Constructor Agent diagram are shown due to
space constraints.
-

5

Conclusions

KM is a hot topic nowadays, as companies have realized that it offers them a competitive advantage. Because of this, various knowledge management systems have
been developed, to support specific knowledge tasks. Moreover, different frameworks
have been proposed, in the quest to make the development of certain knowledge
management systems easier. Surprisingly, however, most of these frameworks have
not taken into account how knowledge is created and how it flows through companies. In this paper we have described a knowledge life cycle to be taken into account
when KM systems are being developed. Moreover, we have described a multi-agent
architecture to support the different stages of that cycle. The main feature of the architecture is that it is so generic that it can be used to develop KM systems for almost
any domain. Furthermore, it has been designed according to the INGENIAS methodology whose meta-models help future developers to understand how the different
agents work.
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Abstract. In the RoboCupRescue environment, one of the biggest problems in choosing the best team strategy is the inability to properly compare the advantages and limitations each strategy provides. This paper
presents a new tool for the performance evaluation of Rescue Simulation
agents, overcoming the limitations imposed by using solely the overall
score. By extracting and processing a wide set of parameters from the
simulation log files, and making a comparative analysis in spreadsheets,
our tool facilitates the evaluation of the different agent types. By integrating our software into a widely used viewer, we expect further development to be continued by the Rescue community, allowing it to become
a standard choice for the evaluation and analysis of new team strategies
and approaches.

1

Introduction

RoboCup Rescue Simulation is an international joint project [1] that promotes
research in distributed artificial intelligence and intelligent robotics. Through the
use of a comprehensive urban disaster simulator, heterogeneous agents’ teams
try to minimize damage to both people and property. Every year, a RoboCup
international competition is organized, where, in a competitive but constructive
environment, researchers from all over the world can test their agents against
other teams. Comparing approaches and exchanging ideas, progress is made
at an amazing rate due to the open source nature of the project. After each
competition, the source code for every team is released, so that work may be
done on top of the best ideas and implementations.
The simulations take place in the three days following a major calamity in
an urban scenario. Burning buildings, people trapped under debris, and blocked
roads, are just some of the challenges rescue teams must overcome, coordinating
as many as up to forty agents of six different types. Fire Brigade, Police Force,
and Ambulance Team agents act in a coordinated manner, assisted by their
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respective Control Centres, attempting to eliminate fires and save lives. Centre
agents coordinate platoons in their collaborative tasks, by trading messages of
world state and defining strategies. Still, platoons have the autonomy to learn,
and to decide on the best course of action, on unexpected states. Police agents
have the responsibility to clear roads, blocked by debris, allowing other agents
to circulate and reach their targets; Ambulance Team agents search for buried
citizens, rescuing and transporting them to refuges; and Fire Brigade agents
extinguish buildings on fire. All tasks performed by mobile agents are centred
on saving lives and reducing city damage [2][3].
The team success is measured as follows:
1. Let Sint be the total amount of health points of all agents at start and Bint
be total undamaged area at start
2. At any given time step, the following values are obtained: the number of
living agents (P ), the remaining total health points of all agents (S ) and the
total undamaged area of buildings (B ).
3. Finally, the simulation score V is calculated using Eq. 1 [4].

V =

S
P+
Sint

 r
B
[1]
∗
Bint

Every year, new strategies and algorithms allow successful Rescue operations
on harder scenarios. A major obstacle in the development of Rescue Agent Teams
is the inability to objectively measure the performance of an agent. This proves
to be a big obstacle to the process of implementing minor improvements and
tweaking existent parameters. The overall score, although being a single numeric
value, can be affected by so many variables and starting conditions, that it
becomes very difficult to describe the improvement or deterioration of the agents’
performance, in each small task. Furthermore, due to the stochastic nature of
the simulator, it is nearly impossible to realize if minor changes in the code
improve the overall behaviour of the agents, without running several simulations
using different maps. It becomes therefore essential to extract further data from
the simulation. Existing tools provide a limited amount of data, while some
are currently outdated and, consequently, not working. Comparison can only be
presented visually, and on a limited set of parameters, with no further options
to record and thoroughly analyze the observed data. It is also, usually, limited
to two teams at a time, restricting the user’s ability to analyze a certain aspect
in a wide variety of teams.
There are two possible paths to the extraction of simulation data, which are
not, in any way, mutually exclusive. The required data can be logged from the
simulator or from the agents and, although some figures may be common, the
different nature of both kinds of data gives each one its own perspective on the
simulation. Information extracted from the agents is extremely flexible, depending, both in amount and in format, on the implementation of the code for each
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individual team. Due to the lack of standardization in the Rescue community it
is extremely difficult to use this data to compare different teams, as terminology and information extracted can be extremely diverse. Also, since the code is
developed not only by different people, with different strategies and tactics in
mind, but also in different development environments and different programming
languages, the challenge of creating and maintaining a tool capable of mining
the relevant data in every different team, and to present it in a comparable
form, is a gigantic task - one that would require a large effort from every team
involved. Still, the figures obtained from the agents are of extreme importance to
complement the ones extracted from the simulator, providing the programmers
with valuable insight into the behavioural process of each individual agent. It is,
nonetheless, a path impossible to take if one of the main objectives is inter-team
comparison, due to the above mentioned lack of standardization between teams.
The chosen path is, therefore, to collect data from the simulator, benefiting from
the fact that a single, common, program is used as the staging grounds for the
agents’ activities. This enables the gathering of information in a common form
to all teams, allowing objective comparisons in any of the obtained parameters.
In order to visualize a simulation in a graphic way, a viewer tool must be used.
This tool is responsible for converting the simulated information into an easily
perceptible form, usually showing a plant of the city, along with the position
and status of every agent during the simulation. On each run, a log containing
information pertaining to the entire simulation is generated for future use. An
important feature, present on most viewers, is their ability to replay simulations
using those log files, allowing a detailed analysis to be performed.
In this paper we present FCPx [5], a new tool for the performance evaluation
of RoboCupRescue Simulation agents. By extracting a wide set of parameters
from the simulation logs and allowing a comparative analysis in spreadsheets where the data is displayed in an organized structure - our tool facilitates the
evaluation of the different agent types in various aspects. The simulation figures
saved in our files are either directly acquired from the log files, or inferred from
that information, using appropriate algorithms. This way, researchers are provided with enough data to allow for an easier, faster and informed decision concerning the best strategies in a number of different situations. Furthermore, this
plethora of information can be used as a benchmarking environment, allowing
the assessment and comparison of Rescue teams in a myriad of different factors,
situations and time intervals. The data extracted may also be used to feed other
software applications, from simple performance evaluators to advanced learning
modules [3].
In the development of this tool two main objectives were kept in mind: flexibility and expandability. These factors are utterly important due to the constant
evolution of the simulator package. By integrating our software into a widely used
viewer, we expect further development to be continued by the Rescue community, allowing it to become the standard choice for the evaluation and analysis
of new team strategies and approaches.
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The rest of this paper is organized as follows. The next section discusses
related work. In Section 3 we introduce our tool and describe it in detail. Sections
4 and 5 provide some results by presenting analysis and comparison of Rescue
teams using FCPx. Finally, in Section 6 we present our conclusions and future
work.

2

Related Work

Log viewers are tools used to view the evolution and result of rescue simulations.
Some viewers have been written so far, enabling different viewing perspectives
of the simulation, but all of them lack the functionality of a good debugging
viewer [6]. Some teams have performed work in this area, but the need for a
more comprehensive tool was only made more visible [6]. Also, there have been
some recurring requests for good team analyzers and log viewers for some time
now - both in the official RoboCupRescue mailing list as well as in other Rescue
documentation.
The Freiburg team, amongst others, has developed its own viewer, releasing it
to the rescue community. Freiburg’s 3D viewer [7] is one of the most used by the
community, second only to Morimoto’s 2D viewer [8] [9], which is included in the
official simulator package. Freiburg’s 3D viewer tool has several built-in features.
A statistic view option is available to measure and evaluate a team’s performance
in various aspects, such as the team’s efficiency in exploring, rescuing civilians
or extinguishing fires. This enables an easy comparison of two teams, since it
is possible to see their actual differences, by simultaneously parsing two log
files4 . Also possible is the post-processing of simulation log files, allowing the
continuous, strenuous, evaluation of time-dependant parameters.
Team Damas5 also made some work in this area, basing their effort on Morimoto’s 2D viewer and adding code to enhance the statistic interface, making it
especially useful when used in conjunction with their own “autorun” program.
When both these tools were used together, several simulations would be run consecutively. At the end of each, the viewer would save the relevant statistics into
a file, killing itself subsequently, thus enabling a new simulation to begin. This
tool provided a limited set of statistics. It is now outdated, no longer supporting
recent versions of simulator log files.

3

FCP eXtended Freiburg 3D viewer

3.1

Overview

The FCPortugal eXtended Freiburg 3D viewer (FCPx) tool was developed over
the simple logging features on Freiburg’s 3D viewer, extending its ability to analyze and compare different teams. A critical aspect in evaluating and comparing
4
5

http://kaspar.informatik.uni-freiburg.de/~rescue3D/index.html
http://www.damas.ift.ulaval.ca/projets/RobocupRescue/Tools.php
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performance is having the information stored in a flexible, adaptable, form. If
the data can be easily imported into a spreadsheet, it becomes easy to build,
and analyze, tables and comparative charts. From herein, the versatility of this
solution gives the programmer endless possibilities. Still, the FCPx tool provides
some customizable spreadsheets to reach a few elaborate outcomes, both as a
proof of concept, and as a means to help users analyze their data in a predefined
way.
Our initial effort went into acquiring as much data as possible from the simulation. A large amount of parameters is directly obtained from the log file, while
some other are calculated using those previously gathered. Some values are kept
in both absolute and percentage form, so that users may have a relative idea of
the action developments, simplifying the comparison between maps and teams.
Some of the numbers are, therefore, redundant. However, the effortless comparison achieved justifies that. Also worth mentioning is the focus on expandability.
It is possible to add a new parameter with little effort, besides the one required
for its characterization.
The information is then saved into a file with the same base name as the log
file - therefore using the ”date-time-team-map” filename, but with a different
extension. As was previously mentioned, versatility was the main factor when
considering file formats. Keeping that goal in mind, and considering essential
the ability to easily export the data into a spreadsheet, CSV (Comma Separated
Values) was the chosen file type. Some other advantages arise from this choice,
like the potential to reduce the amount of hard disk space occupied by log files.
To properly evaluate a strategy there’s a need to run dozens of simulations comparing the attained results with data from previous approaches. That generates
dozens of logs, which take around 5 to 15 megabytes of disk space, each. Also,
in order to examine a team’s evolution through time, older logs are stocked for
reference. If you add to that the need of comparison to other teams’ results,
therefore keeping some of their logs in store, the amount of disk space used can
quickly amount to dozens, or even hundreds, of gigabytes. A CSV statistical file
with our chosen parameters takes around 15 to 50 kilobytes, which is less than
one hundredth of the disk space used by each log. Keeping only the statistical
files, and deleting the logs, allows for an extremely larger amount of data to be
stored and used, improving the ability to evaluate different teams and strategies.
Still, with the deletion of the log file, the ability to reproduce the simulation is
lost.
From the CSV files, the data can be effortlessly imported into a spreadsheet.
This creates a space where, either through tables or charts, evolutions can be
perceived, behaviors studied and conclusion drawn. By this means, the user
acquires the extra flexibility necessary for the analysis, and evaluation, of minor
changes in the code, and their direct, and indirect, repercussions on the agents’
performance.
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3.2

Operation

The open-source FCPx viewer can be fully downloaded at its official website6 .
The next section presents an experiment which was created by using FCPx Tool.
When the FCPx tool is executed with the WRITE-STATS flag set to FALSE,
the program behaves in the same way as the unmodified Freiburg’s 3D viewer.
The only exception is in the computation of the number of civilians that die due
to fire, or buried under debris, where a small bug was corrected. In contrast, when
the mentioned flag is set to TRUE, CSV files are created with the additional
statistical data. An extra mode was created for the fast extraction of data from
previously ran simulations, allowing for extra flexibility.
But, in WRITE-STATS mode, CSV files are created with the additional
statistical data, using the same base name of the log file which allows the correct correlation of the statistical files. Besides that, in “WRITE-STATS, FAST”
mode, no windows are opened and, after the parsing, the viewer kills itself which
allows an outside program to run the parsing, and the final score is displayed
which allows fast easy access to this value. This solves another issue noted during
the RoboCup 2005 competition, in which the referee would run the 2D viewer
with the log file - sometimes more than once - in order to obtain the score of
the competing team. The “WRITE-STATS, FAST” method takes less than 5
seconds on modern machines.

4

Evaluating different types of Agents

FCPx extracts data to a flexible organized file, presenting several opportunities
for the analysis of data. As a proof of concept and as a means to show the
usefulness of the tool, a comprehensive spreadsheets was created, allowing the
detailed analysis of rescue teams. In this section, we will present an analysis of
the FCPortugal’s [3] FireBrigades’ performance in the KobeHard map presented
during RoboCup 2005 in Osaka. In this simulation the team results were bellow
expectations, which warrants a closer study.
The Fire Brigade relevant data obtained is displayed on Table 1, Table 2 and
Table 3. Table 1 presents building data. The most important figure presented is
the amount of undamaged buildings, but all the other values are useful in strategic analysis. The amount of burning buildings is a good indication of whether
the Fire Brigades have fires under control - looking at the displayed data we
can easily see that they don’t. Two important records, in tactical terms, are the
number of re-ignited buildings and of those preemptively flooded that caught
fire. With a perfect strategy, when a building is flooded it is done with the right
amount of water. Too much will waste both water and time - extremely precious resources; while too little is even worse, allowing the building to catch fire
and disrupting the prevention strategy. The same hold true for re-ignition of extinguished buildings. When a building is extinguished, the Fire Brigades should
take their surroundings into account in order to decide whether they should keep
6

http://www.fe.up.pt/~rescue/FCPx
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pouring water into the building to further lower its temperature or focus their
efforts on a different building.
Table 1. Fire Brigades - Building related data.

Table 2 exhibits the Civilian data relevant to Fire Brigades. This includes de
amount of Civilians killed by fire, which is an extremely important figure, due
to the high value of every live. By the end of the simulation twelve people were
killed by flames, which means over twelve points were lost this way.
Agent related data is displayed on Table 3. Analyzing these numbers we
should notice two important facts. Firstly, there were two Fire Brigade casualties.
Rescue agents’ casualties are avoidable and should never take place. In order to
accomplish that, agents must be tweaked in order to ensure that only necessary
risks are taken. Secondly, there are two buried Fire Brigades since the beginning
of the simulation and only one is rescued. With the uncontrolled blaze present
in this map, one more active Fire Brigade could prove extremely helpful.
Like tables, charts are also generated automatically in FCPx spreadsheets.
In Chart 1a it can be seen that only 42% of the total score was kept and most
was lost due to casualties. In chart 1b it is shown that most Civilians died due to
sustained injuries from collapsed buildings, but a rather significant part (17%)
were burned alive. As can be seen, using FCPx it becomes possible to analyze a
single type of agent.

5

Comparing Different Teams and Strategies

The tables from the previous section provide us only rough guidelines of the
team’s flaws and do not make it obvious what the coding priorities should be. In
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Table 2. Fire Brigades - Civilian related data.

Table 3. Fire Brigades - Agent related data.

FCPx: A Tool for Evaluating Teams’ Performance in RoboCup...

145

Fig. 1. a) Final score evaluation; b) Civilian casualties.

order to acquire that knowledge, we should compare our team with the current
RoboCupRescue World Champions - team Impossibles, from Iran . This will
allow us to perceive the most important differences. Since the competition has
an open source policy, it also allows any team to analyze its weaknesses and,
finding a team which performs better, adapt their strategies. For this purpose
another custom spreadsheet was developed - this one oriented towards team
comparison.

Fig. 2. a) Civilians Killed; b) FC Portugal - Civilians casualties (stacked); c) Impossibles - Civilians casualties (stacked).

The enormous difference in Civilian casualties becomes clear on Chart 2.
While no Civilians were burned to death on the Impossibles’ simulation, around
17% of the Civilians present in FC Portugal’s simulation died by exposure to
fire. The Impossibles’ Ambulances were also undoubtedly more productive as
the number of casualties caused by collapses was also extremely lower.
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As seen on Chart 3, our opponents are able to control the fire within the first
sixty simulation cycles. Besides reducing score loss from building destruction and
burned civilians, this allows their Fire Brigades to pursue other tasks: namely
exploration towards Civilian discovery.

Fig. 3. a) Buildings on fire; b) Building area destroyed.

Table 4 provides us with a summary of team’s comparison. Some of the
facts commented on before are assembled here, allowing for some conclusions to
be consolidated. The necessity to improve the Fire Brigades becomes obvious
for three primary reasons: reduce the amount of points lost to burned buildings;
reduce the amount of points due to burned Civilians; and allow the Fire Brigades
to act as scouts when they are able to rapidly control the fires.
Table 4. Comparison summary.
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Conclusions and Future Work

The FCPx tool usefulness was proved just after its introduction in the rescue
community. Several teams use it now to compare their different strategies and to
compare their best strategies with other teams’ strategies. Also, its open source
nature and its integration into the known Freiburg’s 3D viewer makes it a very
easy to extend tool.
The tool enables to analyse team strategies in a very easy way and conclusions
can be drawn and directions set by a simple analysis of tables and charts. What
took before several simulations, detailed manual analysis and great attention, to
be determined, can now be done in minutes. Using the files generated, it is a
simple endeavour to create personalized spreadsheets, to evaluate a single set of
parameters in different teams.
We hope our tool can solve or simplify some of the issues associated with
improving a rescue team. By using a different tool to run a set of consecutive
simulations it becomes possible to leave a machine running agents with different
strategies, for an extended period of time, while the developer focus on different
tasks. Later analysis can be done in an easy, systematic fashion, allowing faster
and better informed decisions, concerning development paths.
The tool’s webpage has seen quite some traffic for such a restricted community. The main page had over four hundred visits and the download page has
been seen over a hundred times. It was, nevertheless, expected, since FCPx fills
a gap which had been previously mentioned several times in on-line discussion.
Being the first release of this tool, only groups of agents are analyzed. Future
development will be oriented into analyzing the team agents as individuals, and
as such the tool will allow a greater perception off exceptional situations that
led to a poorer performance.
Future work is also related with the use of our tool to enable the use of
machine learning techniques in the context of (removed for blind review) team.
Having a high-level configurable strategy and the capability to evaluate it, automatically, also at a high-level, using different parameters, enables us to select the
best strategy for each type of map, using common machine learning techniques.
Still, even in its present form its usefulness is hard to be disputed and it had
a crucial part in our achievements in RoboLudens 2006. Using FCPx’s abilities
to correct our weaknesses, we were able to win the competition and became the
current European champions.
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Abstract. A new Agents and Components Oriented Architecture for the development of Web-Based Education systems is presented. This architecture is
based on the IEEE 1484 LTSA (Learning Technology System Architecture)
specification and the software development pattern of the Intelligent Reusable
Learning Components Object Oriented (IRLCOO). IRLCOO are a special type
of Sharable Content Object (SCO) according to the Sharable Content Object
Reference Model (SCORM). SCORM is used to create reusable and interoperable learning content. The architecture, communication model (LMS API, Web
Services, AJAX, and Struts Framework) and Semantic Web Platform that is described in this paper is used to develop authoring and evaluation tools oriented
to offer application level interoperability under the philosophy of Web Services.

1 Introduction
The use of WBE as a mode of study is due to the increase in the number of students
and limited learning content resources available to meet a wide range of personal
needs, backgrounds, expectations, skills, levels, etc. Therefore, the purpose of the
delivery process is very important, because it means to produce learning content and
to present it to the learner in multimedia form. Nowadays, there are approaches over
this process that focus on new paradigms to produce and deliver quality content for
online learning experiences. These approaches try to develop, revise and upgrade the
learning content in an efficient way. The work described in this paper is based on a
special type of labeled materials called IRLCOO, developed by Peredo et al [1]. The
IRLCOO represent a kind of learning content characterized by rich multimedia, high
interactivity and intense feedback that is supported by means of a standard interface
and functionality.
The IRLCOO are part of a new Agents and Components Oriented Architecture
(ACOA) based on IEEE 1484 LTSA specification [2] and open standards such as
XML [3] as a bar coding system and to make sure that the learning content is interoperable, the Global IMS Learning Consortium [4], Advanced Distributed Learning
(ADL), and SCORM [5]. This paper is organized as follows: in Section 2, ACOA and
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IRLCOO are described; in Section 3, the authoring system based on ACOA and Conceptual Maps is presented; furthermore in Section 4, the evaluation system based on
ACOA and Semantic Web Platform is showed; finally, the conclusions are discussed.

2 Agents and Components Oriented Architecture
Between the key issues of software engineering is the aim for developing quality
software. Thus, components are widely seen by software engineers as a main technology to address the “software crisis.” The Industrial Software Revolution is based
upon component software engineering. Between the reasons that explain the relevance of the Component-Oriented Programming (COP) are: the high level of abstraction of-fered by this paradigm and the current trends for authoring reusable component librar-ies, which support the development of applications for different domains.
In addition, according to Wang [6] three major goals pursued by COP are considered:
conquering complexity, managing change, and reusability.
According to Szyperski [7] a software component is “a unit of composition with
contractually specified interfaces and explicit context dependencies. A software component can be deployed independently and is object to composition by third parties.”
Although in most cases this definition is acceptable, its meaning is quite generic, so it
is not surprising that the term is used to mean rather different concepts.
Our ACOA is based on layer 3 of IEEE 1484 LTSA specification. This architecture is presented in Fig. 1, and consists in four processes: learner entity, evaluation,
coach, and delivery process; two stores: learner records and learning resources; and
fourteen information workflows.

Fig. 1. Components Oriented Architecture.

First, the coach process has been divided in two subprocesses: coach and virtual
coach. The reason is because we considered that this process has to adapt to the learners’ individual needs in a quick way during the learning process. For this, some decisions over sequence, activities, examples, etc., can be made manually for the coach
but in others cases these decisions can be made automatically for the virtual coach.
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Briefly, the overall operation has the following form: (1) the learning styles, strategies, methods, etc., are negotiated among the learner and other stakeholders and are
communicated as learning preferences; (2, new proposal) the learner information (behavior inside the course, e.g., trajectory, times, nomadicity, etc.) is stored in the
learner records; (3) the learner is observed and evaluated in the context of multimedia
interactions; (4) the evaluation produces assessments and/or learner information; (5)
the learner information (keyboard clicks, mouse clicks, voice response, choices, written responses, etc., all over learner’s evaluation) is stored in the learner history database; (6) the coach reviews the learner's assessment and learner information, such as
preferences, past performance history, and, possibly, future learning objectives; (7,
new proposal) the virtual coach reviews the learner’s behavior and learner information, and automatic and smartly he makes dynamic modifications on the course sequence (personalized to learner’s needs) based on the learning process design; (8) the
coach/virtual coach searches the learning resources, via query and catalog info, for
appropriate learning content; (9) the coach/virtual coach extracts the locators (e.g.,
URLs) from the available catalog info and passes the locators to the delivery process,
e.g., a lesson plan or pointers to content; and (10) the delivery process extracts the
learning content and the learner information from the learning resources and the
learner records respectively, based on locators, and transforms the learning content to
an interactive and adaptive multimedia presentation to the learner. In the section 4 describes ACOA from agents viewpoint.
2.1 IRLCOO platform
IRLCOO were developed with Flash. Flash is an integrator of media and have a
powerful programming language denominated ActionScript 2.0 [8]. This language is
completely Object Oriented and enables the design of client components that allows
multimedia content. At Run-Time, the components load media objects and offer a
programmable and adaptive environment to the student's necessities. Flash already
has Smart Clips for the learning elements denominated Learning Interactions. The
aim is to generate a multimedia library of IRLCOO for WBE systems with the purpose to separate the content from the control. Thus, the components use different
levels of code inside the Flash Player. With this structure, it is possible to generate
specialized components which are small, reusable, and suitable to integrate them
inside a bigger component at Run-Time. The liberation of ActionScript version 2.0
inside Flash MX 2004 allows the implementation of the Object Oriented paradigm.
With these facilities IRLCOO are tailored to the learners’ needs. In addition, this
IRLCOO development platform owns certain communication functionalities inside
the Application Programming Interface with LMS, Multi-Agent System (MAS), and
different frameworks, as AJAX [9], Hibernate [10], Struts [11], etc.), and dynamic
load of Assets in Run-Time.
IRLCOO are meta-labeled with the purpose of complete a similar function as the
product bar codes, which are used to identify the products and to determine certain
characteristics specify of themselves. This contrast is made with the meta-labeled Resource Description Framework (RDF-XML) [12], which allows enabling certain
grade inferences on the materials by means of the Semantic Web Platform.
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2.2 Communication between IRLCOO and Web Services
ActionScript 2.0 adds the component WebServiceConnector to connect to Web Services (WS) from the IRLCOO. The WebServiceConnector component enables the
access to remote methods offered by a LMS through SOAP protocol. This gives to a
WS the ability to accept parameters and return a result to the script, in other words, it
is possible to access and join data between public or own WS and the IRLCOO. It is
possible to reduce the programming time, since a simple instance of the WebServiceConnector component is used to make multiple calls to the same functionality within
the LMS. The components discover and invoke WS using SOAP and UDDI, via middleware and a JUDDI server. Placing a Run-Time layer between a WS client and
server dramatically increases the options for writing smarter, more dynamic clients.
Reducing the needs for hard-coded dependencies within WS clients. It is only necessary to use different instances for each one of the different functionalities. WS can be
unloaded using the component and deployed within an IRLCOO.

3 SiDeC
In order to facilitate the development of learning content, it was built an authoring
system called SiDeC (Sistema de Desarrollo de eCursos - eCourses Development
Sys-tem). SiDeC is a system based on ACOA to facilitate the authoring content to the
tu-tors who are not willing for handling multimedia applications. In addition, the
Struc-ture and Package of content multimedia is achieved by the use of IRLCOO, as
the lowest level of content granularity.
SiDeC is used to construct Web-based courseware from the stored IRLCOO
(Learning Resources), besides enhancing the courseware with various authoring
tools. Developers choose one of the SiDeC lesson templates and specify the desired
compo-nents to be used in each item. At this moment, the SiDeC lesson templates are
based on the cognitive theory of Conceptual Maps (CM) [13], but in the future we
will con-sider others theories such as: Based-Problems Learning (BPL), the cases
method, etc.
The inclusion of cognitive elements, as CM, obeys to the instructional design pattern for the development of the courses. Thus, the courses do not only have theoretical or practical questions, but rather they include a mental model about individual
thought process. CM is a schema to structure concepts with the purpose of helping
the learners to maximize the knowledge acquisition. A CM is a graphical technique
used during the teaching-learning process, among other forms as instructional and
learning strat-egy, and as schematic resource or navigation map.
A metadata tool supports the generation of IRLCOO to provide on-line courses.
This courseware estimates learners’ metrics with the purpose to tailor their learning
experiences. Furthermore, the IRLCOO offer a friendly interface and flexible functionality. These deliverables are compliance with the specifications of the IRLCOO
and with learning items of SCORM 1.2 Models (Content Aggregation, Sequencing
and Navigation, and Run Time Environment) [5]. Metadata represent the specific description of the component and its contents, such as: title, description, keywords,
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learning objectives, item type, and rights of use. The metadata tool provides templates
for entering metadata and storing each component in the SiDeC or another IMS/IEEE
standard repository.
SiDeC proposes a course structure based on the idea of a compound learning item
as a collection of Reusable Learning Atoms (RLA) and Reusable Information Atoms
(RIA) [14]. These atoms are grouped together to teach a common task based on a single learning objective, as is depicted in Fig. 2. A RLA is an elementary atomic piece
of learning that is built upon a single learning objective. Each RLA can be classified
as: concept, fact, process or procedure. The RLAs provide the information of
learner’s behavior within the course, e.g., trajectory, times, and assessments. This
information is stored in the learner history database (learner records).
On the other hand, a RIA is an atomic piece of information that is built upon single
information object. It may contain up to seven different content items, such as: overview, introduction, importance, objectives, prerequisites, scenario, and outline.
In Fig. 2, the SiDeC implements the CM as a navigation map or instructional and
learning strategy allowing to the learner to interact with content objects along the
learning experiences. These experiences follow an instructional-teaching strategy.
These kinds of strategies carry out modifications of the learning content structure.
Such modifications are done by the designer of the learning experience with the objective of provide significant learning and to teach the learners how to think [15]. The
learning content can be interpreted in a Learning Content Tree.

Fig. 2. Learning content generated for the SiDeC.

3.1 Communication between IRLCOO and LMS
Our communication model uses an asynchronous mode in Run-Time Environment
(RTE) and joins to LMS communication API of ADL [5], and AJAX (Asynchronous
JavaScript And XML) [9] and Struts Framework [11] for its implementation. The
LMS communication API of ADL consists of a collection of standard methods to let
the Client to communicate with the LMS.
AJAX is a Web development technique to create interactive applications that it is
executed in client side, in other words, the Web browser maintains the asynchronous
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communication with the server in backstage. This way it is possible to carry out
changes in the same page without necessity of reload it. This increases the interaction
speed.
On the other hand, the Struts Framework is a tool for Web application development under the Java MVC (Model-View-Controller) architecture; with this Framework is defined the independent implementation of the Model (business object), the
View (in-terface with the user or another system) and the Controller (controller of the
applica-tion workflow). This Framework provides the advantage of maintainability,
perform-ance (tags pooling, caching, etc.), and reusability (contains tools for the field
validation that it is executed in client or server sides). The browser-based communica-tion model is depicted in Fig. 3.
According to Fig. 3, the communication model starts: (1) when an IRLCOO generates an event. (2) Form the browser interface is made a JavaScript call to the function
FileName_DoFSCommand(command,args), which handles all the FSCommand messages from IRLCOO, LMS communication API, and AJAX and Struts methods.
Next, a fragment of this code is showed:
function FileName_DoFSCommand(command,args)

{

doInitialize();
doSetValue(name,value); // i.e. (StudentName,name)
doTerminate();
useAjaxStruts();

(a)

}

(b)

Fig. 3. Communication model between IRLCOO, LMS and AJAX and Struts Framework.
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The communication with the LMS starts when: (I) the standard methods call to the
Communication Adapter (written in JavaScript). (II) The communication adapter implements the bidirectional communication ADL´s API between the Client and the
LMS. (III) The LMS realizes the query-response handling and the business logic, i.e.,
the access to the database.
The communication with AJAX and Struts Framework begins when AJAX-Struts
method is called. (3) An instance of the XMLHttpRequest object is created. Using the
open() method, the call is set up, the URL is set along with the desired HTTP method,
typically GET or POST. The request is actually triggered via a call to the send()
method. This code might look something like this:
function useAjaxStruts ()

{

createXMLHttpRequest();
var url = "register.do?";
var urlString = createUrlString();
xmlHttp.open(“POST”,url,true);
xmlHttp.onreadystatechange = processStateChange;
xmlHttp.setRequestHeader("Content-Type”,
"application/x-www-form-urlencoded;”);
xmlHttp.send(urlString);

}

(4) A request is made to the server, this might be a call to a servlet or any serverside technique. (5) The Controller is a servlet which coordinates all applications activities, such as: reception of user data, (6) data validations, and control flow. The
Controller is configured for a XML file. (7) The Controller calls to perform method
of Action, it passes to this method the data values and the Action reviews the characteris-tic data that correspond to the Model. (8) The business objects (JavaBeans)
realize the business logic, (9) usually a database access. (10) The Action sends the
response to the Controller. (11) The Controller reroutes and generates the interface
for the results to the View (JSPs). (12) The View makes the query to the Business
objects based on the correspondent interface. (13) The request is returned to the
browser. The Content-Type is set to text/xml, the XMLHttpRequest object can process results only of the text/ html type. In more complex instances, the response might
be quite involved and include JavaScript, DOM manipulation, or other technologies.
(14) The XMLHttpRe-quest object calls the function callback() when the processing
returns. This function checks the readyState property on the XMLHttpRequest object
and then looks at the status code returned from the server. (15) Provided everything is
as expected, the callback() function sends HTML code and it does something interesting on the client, i.e. advanced dynamic sequence.
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This communication model provides new wide perspectives for the WBE systems
development, because it provides the capabilities of communication, interaction, interoperability, security, and reusability, between different technologies. For example,
the LMS communication API allows us to make standard database queries of learners’ information such as personal information, scores, assigned courses, trajectory,
etc. While the communication with AJAX and Struts Framework provides the capability of modify the learner’s trajectory according to variables from the learner records in RTE (advanced dynamic sequence), components management (IRLCOO) –
remember that these components are built and programming with XML – then, this
model provides the way to write, load, change and erase XML files in the Server side.

4 Evaluation System
The Evaluation System for WBE is designed under the same philosophy used for the
SiDeC. The functionality of the Evaluation System lays on the analysis of the
learner’s profile, which is built during the teaching-learning experiences. The profile
is based on metrics that elicited from the learner’s behavior at Run-Time. These
measures are stored into the learner records that compose the profile. The generation
of new sequences of courses is in function of the results obtained, besides the account
of the adaptation level.
The Evaluation System combines IRLCOOs, additional meta-labels, and a Java
Agent platform. Also, some technologies of the Artificial Intelligence field are considered in order to recreate a Semantic Web environment. Semantic Web aims for assisting human users to achieve their online activities. Semantic Web offers plenty of
advantages, such as: reduction of the complexity for potential developers, standardization of functionalities and attributes, definition of a set of specialized APIs, and deployment of a Semantic Web Platform.
All resources have a Universal Resource Identifier (URI). An URI can be a Unified Resource Locator (URL) or some other type of unique identifier. An identifier
does not necessarily enable access to a resource. The XML layer is used to define the
SCORM metadata of IRLCOO that are used to interchange data over the Web. XML
Schema tier corresponds to the language used to define the structure of metadata [3].
RDF level is represented by the language used for describing all information and
metadata sorts. RDF Schema layer is carried out by the Framework that provides
meaning to the vocabulary implemented [12]. The Ontology tier is devoted to define
the semantics for establishing the usage of words and terms in the context of the vocabulary [16]. Logical level corresponds to the reasoning used to establish consistency and correctness of data sets and to infer conclusions that are not explicitly
stated [17]. The Proofs layer explains the steps of logical reasoning. The Trust tier
provides authentication of identity and evidence of the trustworthiness of data, services and agents.
In resume, the components and operation of the SiDeC and Evaluation System are
outlined in Fig. 4. Basically the Evaluation System is fulfilled through two phases.
The first phase is supported by the LMS, and is devoted to present the course and its
structure. All the actions are registered and the presentation of the contents is realized
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with IRLCOO content. The evaluations are done by evaluating IRLCOO and in some
cases by simulators based on IRLCOO. These processes are deployed by the Framework of Servlets, Java Server Pages and JavaBeans.
The second phase analyzes the learner's records carried out by the Server based on
JADE MAS. This agent platform owns seven agents: Snooper, Buffer, Learner,
Evaluation, Delivering, Coach, and Info. The fundamental idea is to automate the
learner's analysis through the coach/virtual coach, and to give partial results that can
be useful for the learner's final instruction. These agents are implemented as JavaBeans programs, which are embedded in the applications running both at the client
and server sides. The Snooper Agent works as a trigger by means of the INFORM
performative, which activates the MAS server’s part. This agent is deployed into a
Java Server Page that uses a JavaBean. During the lesson or once evaluation is finished, the graphical user interface activates the Snooper Agent and sends it the behavior or evaluation metrics (using Agents Communications Language [18]) to be analyzed at the server-side of the MAS. The Snooper Agent activates the system,
whereas the Buffer Agent manages the connection and all the messages from the
client. Both tasks are buffered and send them to the Coach Agent. Then the Coach
Agent requests to the learner records for the preferences learner, trajectory, previous
learner monitor-ing information, etc. The Coach Agents analyzes this information to
determine if the learner needs help. If this situation is true, the Coach Agent requests
to the learning resources the needful learning content (URLs) and it sends the learning contents (URLs) to the Delivery Agent. The Delivery Agent sends the learning
content to the Learner and Evaluation Agents for its presentation. These agents employ the dynamic sequencing to change the course or assessment sequence. The sequencing is defined for the instructional strategy based on CM and it employs the
SCORM Sequenc-ing/Navigation. Once the necessary information is received (sequence, kind of IRLCOO and localization, etc.), this is represented as a string, which
is constructed dynamically by the rule-based inference engine known as JENA [19]
and JOSEKI server [20], to generate dynamic feedback.
Fig. 5 illustrates an overview of how ours systems are integrated with ACOA. In
general, the software architecture is divided into four layers: application, agents &
components, database, and server layers. The application layer includes an administration system, which is the ADL platform, to allow system administrators, instructors, and learners to manage learner records and curriculum. On the left side below
the administration system, asynchronized ours systems are incorporated. Thus, structure authoring systems are separated from learning content.
4.2 Semantic Web Platform
The overall architecture of Semantic Web Platform, which includes three basic engine
representing different aspects, is provided in Fig. 4.
1.
The query engine receives queries and answers them by checking the content
of the databases that were filled by info agent and inference engine.
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2.
The database manager is the backbone of the entire systems. It receives facts
from the info agent, exchanges facts as input and output with the inference engine,
and provide facts to the query engine.
3.
The inference engine use facts and ontologies to derive additional factual
knowledge that is only provided implicated. It frees knowledge providers from the
bur-den of specifying each fact explicitly.
Again, ontologies are the overall structuring principle. The info agent uses them to
extracts facts, the inference engine to infer facts, the database manager to structure
the database, and query engine to provide help in formulating queries.
JENA was selected as the inference engine. It is a Java framework for building
Semantic Web applications. It provides a programmatic environment for RDF, RDFS
and OWL, SPARQL and includes a rule-based inference engine [19].
While JOSEKI was selected as Web API and server. It is an HTTP and SOAP engine supports the SPARQL Protocol and the SPARQL RDF Query language.
SPARQL is developed by the W3C RDF Data Access Working Group [20].
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Fig. 5. An integral architecture for WBE systems.

5 Conclusions
ACOA, IRLCOO and Semantic Web Platform allow developing authoring and
evaluation systems to create adaptive and intelligent WBE. Our approach focus on:
reusability, accessibility, durability, and, interoperability of the learning contents,
which are built as IRLCOO, as the main component for delivering learning and
evaluation content.
The communication model composes for the LMS communication API, AJAX and
Struts Framework, IRLCOO, WS, Semantic Web, and JUDDI. It provides new development capabilities for WBE systems, because their integrant technologies are complementary. SiDeC and the Evaluation System were developed under this model to
help in the automation and reduce of the complexity of the learning content process.
The incorporation of Web Semantic Platforms helps us to create intelligent and
adaptive systems (bidirectional communication), according to the users needs.
The ADL-Schema manages dynamic sequencing, composition, content separation,
and navigation in RTE for development learning and evaluation content in Web.
While, our ACOA has the same ADL advantages and adds the capacity of generates
desk and Web CASE tools using the same learning and evaluation components generated.
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Abstract. This paper reﬂects on how some Artiﬁcial Intelligence Techniques may positively aﬀect the operation of a distance education platform. It addresses to a particular distance education platform at which
speciﬁc characteristics are incorporated, such as the adaptation to diﬀerent users proﬁles as much to diagnose as to determine a plan for the most
adequate teaching strategies. The use of Bayes nets and neural networks
are mentioned in the evaluation process and a summarized example is
included in the use of the platform.

1

Introduction

In recent years, computer aided teaching has been strongly impacted by incorporating artiﬁcial intelligence techniques, as a form of approaching the strategies
that artiﬁcial systems get closer to the way in which humans take decisions and
solve problems in education. This idea is not new, Papert and Minsky regarded
computer sciences as an instrument for positively modifying the way in which
people learn and not only as a form that allows to explain this process [6].
The very ﬁrst artiﬁcial intelligence application in the ﬁeld of education has
been the implementation of intelligent tutorials, i.e., systems with the capability of adapting the instruction process to student’s characteristics. This goal is
achieved by creating a relationship between the four basic system components:
expert module, student model, pedagogical module and interface. The expert
module level is the one that solves the problems intended to be taught; consequently it must have a broad knowledge and an ample structure of the subject
to allow for an optimum management of them. The student model is a database
that represents the student knowledge at any given time. The pedagogical module is the one in charge of managing in which sequence the subjects are to be
presented according to the information gathered from the student model determining when and what kind of help the student needs. The interface supplies
backing to the student activities and methods used to carry out such activities.
The interface must be easy to use in such a way that the student waste a minimum time in learning on how to use it and concentrate in the learning process
of the subject.
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Many speciﬁc systems like these, their goals and structure have been discussed in detail by diﬀerent authors [11, 10, 9]. Today, some eﬀorts are focused
on incorporating artiﬁcial intelligence techniques into Adaptive Hypermedia Systems (AHS), which appear to be a promising option in computer aided education,
mainly due to Internet and WWW. Brusilovsky deﬁnes it as ”a system based in
Hypertext and Hypermedia that reﬂects some user characteristics and applies
this model to adapt some visible aspects of the system to user” [1].
This work introduces artiﬁcial intelligence techniques at a distance education
platform and whose novelty lies in considering aspects like learning strategies
adaptability, communication tools and student proﬁle evaluation: their learning
styles and knowledge, these issues have been found partially only in revised
platforms both in literature and through Internet.

2

The Distance Education Platform: MISTRAL

This platform shares common features with many similar projects in use today,
but it diﬀers in the way on how it adapts to all sorts of student’s proﬁle, suggesting activities, providing tools and more appropriate mechanisms for correcting
detected misunderstandings.
The course structure adapts to a particular student features such as prior
knowledge conﬁguring activities and sequence of contents. In addition, the course
structure adapts to the student’s learning style. The platform automatically
measures diﬀerent students’ styles and then chooses the best strategy for each
one of them. Once students have developed the proposed sequence of suitable
activities the course structure itself adapts to the student’s learning capability. If
students do not reach the required qualiﬁcation, the platform proposes a series
of complementary activities diﬀerent from the previous ones that allows it to
enhance the learning process. In section 5 a course example is shown to clarify
the platform operation.
In summary, diﬀerent functionalities of the platform can be highlighted as
follows:
– It allows for the management and automatic generation of diﬀerent distance
courses in multi-user modality.
– It makes the knowledge acquisition easier in contents and varied in activities
for a particular course.
– The platform has the necessary knowledge for detection and diagnosis of the
learning capabilities in a speciﬁc unit, and the necessary activities required
for improving the learning process.
– It generates a Virtual Classroom, personalized for each student, with discussion groups that adapts to diﬀerent learning styles and a mailing system
that includes a tracking mechanism for warning if the interaction level of a
student in some activity is lower than required.
A general scheme for MISTRAL is shown in ﬁgure 1.
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MISTRAL
Incorporates
Course

Teachig
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Course

Teacher
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Course
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Adapts
Student
Model
Bayes Net

Neural Net

Student
Model

Student 1

...
Student 2

Student n

Fig. 1. MISTRAL: The basic components

3

Using the Platform

From the instructor’s point of view the use of this platform can be explained
through two main concepts: the course development process and the platform
operation process. The course development process describes the facilities that
help the instructor when creating a new course; this is the way and sequence
in which the material will be handled out according to the student particular
proﬁle. The platform operation process describes the way in which both the
instructor and the student will use this platform and tools given by it during
the course development.
3.1

The Course Development Process

This process is carried out through two phases: the ﬁrst phase is the identification of requirements and the second one is the creation of contents. In the
identiﬁcation of requirements phase it is necessary a previous planning of the
work that must be done to get an eﬀective teaching. An adequate plan has to
answer questions like what, how and when to teach. The answers to these questions highlight diﬀerent issues taking into account: the student, his environment
and psychosocial features (the user proﬁle where the learning style is considered), the goals to reach, the contents, the activities (didactic resources) and the
correct sequence considering these steps along with evaluation instruments. In
computer programs in general and in a knowledge-based distance course development in particular, the planning process is related to analysis, which has been
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traditionally developed in manual form. The analysis required for developing a
course using this platform will aﬀect two components in the system: the student
model and the pedagogical module.
In order to analyze the learning-teaching material both books and expert
knowledge are fundamental from which a clear view about contents are to be
handled out, also the possible sequences to consider and diﬀerent ways to submit
and evaluate are taken. This phase aims to structure the acquired knowledge
about the learning strategy, the sequence of contents for diﬀerent proﬁles and
the sequence of contents for diﬀerent learning styles. This arrangement can be
observed in ﬁgure 2. The learning styles taken into consideration here are four:
Concrete Experience (CE), Concepts Abstraction (CA), Active Experimentation
(AE) and Reﬂexive Observation (RO) [3].

Fig. 2. Sequence of contents for diﬀerent styles

For the creation of contents the learning-teaching material mainly relies on
the expert and in books. To this end, the material representation (frames) and
the used mechanisms (semantic networks) are needed. In ﬁgure 3, a possible sequence of contents determined for diﬀerent user proﬁles is shown, allowing the
establishment in a semantic network, of the sequence of contents (previous and
further knowledge) for users that present particular characteristics and knowledge.
In order to automatically build a distance course the characteristics of domain’s knowledge are required to be provided. Most courses have a structure at a
pedagogic level that attempts to represent contents and skills to be delivered to
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students and the relationship between contents necessary to ensure an eﬀective
learning, i.e., in the pedagogic organization of the teaching material.
For instance in the course Object Oriented Analysis and Design, the pedagogic level features are:
- Instructional goals to be accomplished in the course (general and speciﬁc
objectives).
- In this platform the task of basic learning units is placed as activities,
allowing storing of theoretical contents, as the deﬁnition of polymorphism, or
practical contents or procedures such as the modeling of a problem using object
orientation.
- In order for the platform to evaluate the student, diﬀerent tests and exercises
are created.

Programming
Language

Object Orientation

OO Analysis

Basic Concepts

C Language

Postgraduate Studies

OO Design

OOA & OOD
Methodologies
& Techniques

Programming
OO
Languages

OO
Programming

OO CASE
TOOLS

Unified
Modeling
Language

Prerrequisite
Java

C++

Following
Prerrequisite/Following

Fig. 3. Sequence of contents for the Object Oriented Analysis and Design Course

3.2

The Platform Operation Process

As the instruction process goes on the system will use the guided method in
which this platform after providing a series of activities suitable for a user proﬁle will allow the students to develop these activities by placing the results into a
personal portfolio ( a repository to store the results of activities accomplished by
the student), so that the system generates another sequence of activities suitable
for the student. Diﬀerent authors characterize learning styles in many diverse
ways, but in general they locate people between two points in a continuous space.
In this work the learning style of David Kolb has been used [3], to discover the
learning style of users using this platform, aimed to adapting the more appropriate activities for students to increase one style and support the others. The
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reason for using Kolb’s work is that it represents the classiﬁcation suggested by
the educational authorities in our country.

4

Artificial Intelligence into the Platform

Tasks that need to be performed in order to accomplish a distance course are:
i) Didactic material preparation adjusting contents from the Expert Module,
where the experienced person decides the most suitable materials and activities
to tackle such content for diﬀerent students’ proﬁle.
ii) Teaching learning strategies contained in the Pedagogical Module that
determines the most appropriate sequence of activities to the diﬀerent student’s
proﬁle.
iii) Evaluation, assigned to determine the amount of acquired knowedge by
the student which will modify the pattern within the Student Model.
iv) Dialogue among students, between student and instructor.
v) System administration.
Diﬀerent techniques used in AI have been incorporated into the platform.
Following, there is a summary of ways in which these techniques are inherent to
the didactical material preparation, evaluation and teaching-learning strategies.
Frames. Most all the knowledge available from the subject (didactical material) and about the student (learning style, amount of knowledge acquired) is
structured into frames. The arrangement of didactical material in the platform
consists of a semantic net of frames. For the actual course construction using
this platform the didactical material must be classiﬁed in: General Objective
(course guide), Specific Objectives (leading to speciﬁc topics) and relative relevance to each objective, Contents (components of the speciﬁc objectives) and
relative relevance to each content. Activities according to diﬀerent proﬁles and
diﬃculty levels, and impact ratio for each activity. Diﬃculty levels are deﬁned
by the instructor, based on his/her experience in teaching the particular topics
and impact is rated by considering how the speciﬁc topic is related to the general
objective for the proposed activity. There is a frame type where the information
associated to each of these types of material is stored. An example of a frame to
model the subject matter is the one presented below. Here we ﬁnd a collection
of attributes identifying the entity ”Activity” that stores knowledge of contents
of a course to develop.
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Node Type: [reading/solving/programming/modeling/simulation]
Code Activity: [n]
Description: [text]
Scoring: [integer]
Probability to answer to the activity since its content is already known
Probability to answer to the Activity since its contents is not known
Previous Knowledge: [integer]
Activity Type: [analogous/empiric]
Learning Style: RO, CE, AE, CA [text]
Guessing: [real], Impact: [real], Diﬃculty: [real], Oversight: [real]
In this frame, among other slots we can identify:
- Learning Style, this activity may favor a speciﬁc learning style more that
others or a particular one (RO, CE, AE, CA); this slot will store knowledge for
each entity and allow further down to adapt a speciﬁc strategy related to this
information.
- Several slots are used to store the necessary information to generate an
activity similar to Computerized Adaptive Tests (CAT).
In order to adapt this platform to a speciﬁc student a model of this particular student must be established. The student model may be separated into
two parts; the ﬁrst one being the psychosocial with the psychological and social
features to be taken into account in the teaching-learning process; and the second part of the student model is the knowledge model that allows to establish
which are the contents that the student is learning and the objectives that is
accomplishing. Same with the didactical material the information related to the
student model is stored within a structure of frames.
Semantic Networks. Relationship between contents used by this platform
are made explicit through a semantic network with predeﬁned terms (is, uses,
is-part-of, etc.). In order to organize the didactic material the instructor must
ﬁrst deﬁne the concepts as a whole with which he/she will be building the supporting frame of knowledge. These concepts and their relationships will be the
groundings from which the student will learn according to his/her proﬁle and
previous knowledge. Semantic networks are a promising way to model static
knowledge as they allow identifying concepts and their relationships in a given
course. In addition, this allows students to be aware of the previous concepts
before carrying on with the next step.
Production System. The course is built by selecting or generating a set
of necessary rules and objects in terms of speciﬁed knowledge. This can be
accomplished by an expert (the instructor) through tables that allow him/her
to establish the sequence of activities based on the students’ proﬁle.
Teaching strategies are carried out in order to induce changes to the student
behavior through well structured processes involving the use of didactic materi-

170

Salcedo P., Pinninghoff M. and Contreras R.

als. This kind of particular teaching strategy for a certain learning style of each
student falls into a sequence of activities already deﬁned in that particular didactic material. Selecting the most suitable sequence of activities is carried out
by using a rule-based production system that incorporates its own pedagogical
rules as such or from psycho-pedagogy. These rules are applied to the available
structure knowledge under the frame format.
Neural Networks. Psychological and social variables of the student model
are used by an artiﬁcial neural network previously trained to predict the students’ probability of success or failure. This information is stored in a slot in the
appropriate frame in order to be used at a later time by the production system
that makes recommendations about the necessary activities required for success.
This prediction supplies the necessary information for the diﬀerent models of the
student and the teaching strategy being able to split into two steps, ﬁrst the one
where the psychological features are encountered and second, the periodical that
is carried out at the interaction process between the student and the platform [7].
Bayes Networks. The knowledge model of the student is updated through
evaluations taken to the students using a Bayes net. The Bayes net is used to
assess a degree of knowledge accomplished by a student in order to recommend
the most adequate activities from the actual level of knowledge learning style
and the student proﬁle.
Diagnosis of the learning level of a student and the sequence of activities that
are to be used for a particular student’s proﬁle are predicted through the probability theory using Bayes nets. The net consists of four levels or layers; the ﬁrst
layer contains the general objectives for the course; in the second are the speciﬁc
objectives for the course, i.e., groups of contents aimed to particular purposes,
that are a decomposition for the general objective. In the third layer, the contents and the minimal units for knowledge decomposition are located. Finally,
in the fourth layer the activities for each content and for each learning style
are located. These activities are prepared to generate knowledge: the instructor
needs to specify a diﬃculty level, and an impact ratio for each activity. The
platform needs this information to compute the conditioned probabilities that
relate learning degree and activities to be accomplished, by using Item Response
Theory [5, 8].
On the other hand it is possible to periodically diagnose through diverse
techniques such as portfolios or computerized adaptive tests. The later, that
uses Bayes nets allows choosing the best activity or questioning the needs of the
student for knowledge.
CommonKADS. As a general methodology to model in a structured manner the knowledge of tasks, methods, inferences, rolls and concepts of expertise
in each of the phases, necessary for the global distance teaching/learning function. This is a method used for analysis and organization of knowledge-based
systems in an analogous way to the methods used in software engineering [2].
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The MISTRAL Platform for a Course on Object
Oriented Analysis and Design

A speciﬁc course has been developed, Object oriented Analysis and Design (OOAD)
for students in a third year engineering, using this platform. The course structure adapts to particular student’s features such as the previous knowledge in
programming languages and modeling tools. The instructor has decided to oﬀer
the capability for choosing the language to use in the course or to begin with
a speciﬁc programming language and choose the modeling tool (Rational Rose,
Microsoft Visual Modeler, GDPro, etc.). The OOAD is a course developed in a
semi-present modality, so those students can achieve the objectives in restricted
deadlines but according to their own learning capabilities.
Determining the general objective for the OOAD course. The objective for the OOAD course was established in the following manner: Understanding the concepts of analysis, methodologies, design and programming pointing to
objects, in order to apply this knowledge to the analysis software of systems development and using through the UML (Unified Modeling Language) and JAVA
language. From the preceding statement we conclude that for this particular
case the possibility of choosing a programming language to use was not taken
into account. Following the general objective it is necessary to specify the main
objectives with a level of relevance in order to accomplish the general objective.
Determining specific objectives. The process associated to a speciﬁc objective ﬁnishes when the learning level of this objective is 100% accomplished
since the instructor established that each objective must be satisﬁed completely.
Thus, although the relevance to each objective may appear not to be important, the indexing of this factor was maintained to allow the student be aware
of his/her progress. Once speciﬁc objectives are settled it is necessary to determine the contents that the student must learn in order to accomplish each one
of them. Contents for the ﬁrst objective are shown:
Contents
Relevance (%)
Objective 1
1 Software quality
1.1 Introduction
20
1.2 Software quality
50
1.3 Modularity, coupling, cohesion
30
Determining activities. This phase was the most diﬃcult in knowledge
acquisition. Even though a great variety of activities are used by diﬀerent instructors it is necessary that a reduced number of activities for each content
be worked out within a great amount o time frame in order to establish certain activities for diﬀerent learning styles and also determine the appropriate
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parameters. These parameters have been explained in [4] ant its meaning are as
follows:
LS: Learning Style (ﬁgure 1)
IR: Impact Ratio (one of the following values: 0.2, 1.2, 2)
D: Diﬃculty Level (1 to 10)
G: Guess Factor (0 to 100 %)
(Texts, exercises an examples referred to in the following table can be consulted in http://152.74.11.209/pide/, a course demo). Some of the activities
associated to the content Software Quality are shown as follows:
Cont. Activities
LS G IR D
1 Software Quality
1.1 Reading the text 1.1 Introduction. Underline in the RO 0 0.2 1
text whatever you consider more important and place
it in your ﬁles folder as Act1-1
...
1.1 Search in the Internet what conferences or seminars AE 10 1.2 3
are at this time fully dedicated to object orientation,
describe the subjects considered. Place this activity
in your ﬁle folder named Act1-4
...
In summary, it is necessary to structure and classify lots of activities that from
the instructor’s point of view and the Internet sources become important when
the OOAD course is learned in order to meet proposed goals for each objective
and diﬀerent students. This course was improved incorporating new activities
not considered in previous courses. This is the result of considering diﬀerent
learning styles and diﬀerent teaching strategies. The strategy selection is done
by the production system. Each activity created must be evaluated; therefore
the simplest planned activity will be useful for the students. This evaluation is
accomplished using Bayes nets. The platform allows to generate complementary
activities automatically which are suggested through the neural net.

6

Conclusions

In this paper we have presented how the use of techniques of artiﬁcial intelligence can inﬂuence the teaching learning process when a platform for distance
education is used. The use of neural nets as a mean for prediction related to the
potential success in speciﬁc learning matters, proved to be an adequate mechanism considering that were also used to predict more appropriate activities to
accomplish in case the students presented a sign of failure. The use of Bayes nets
allowed automating the student range knowledge degree in the evaluation process thus diﬀerent student proﬁles lead to a sequence of personalized activities
that suit each particular learning proﬁle, considering the previous knowledge acquired by the student. The instructor may verify through his experience whether
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it is possible to reach a real personalized education using Internet or otherwise.
Private discussion groups put students of diﬀerent learning styles together. This
aim strengthens these diﬀerent styles so that successful strategies can be imitated. The ability to store diﬀerent kinds of work in the portfolio allows the
student and the instructor to check the learning process progress that constitutes an additional communication mechanism among the actors.
Acknowledgments. This work is supported by Project DIUC 205.164.0011.0, Universidad de Concepción.
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Dynamic Systems

Lessons Learned in Modeling Dynamic Systems
using Genetic Programming
Juan J. Flores and Mario Graﬀ
División de Estudios de Posgrado
Facultad de Ingenierı́a Eléctrica
Universidad Michoacana
Mexico

Abstract. This article describes a set of experiences in modeling dynamic systems using Genetic Programming and Gene Expression Programming. We have made experiments in linear systems, non-linear systems and times series. The experiments in linear systems include linear
pendulum, coupled mass-spring, electrical circuits, etc. In non-linear systems we have modeled the Van der Pol Equation, non-linear pendulum
with friction, etc. The models have been represented as an ordinary differential equation, system of ordinary diﬀerential equations, and using a
time series approach.

1

Introduction

Modeling a dynamic system is a process that generally has been made by an
engineer. This work describes the ability of Genetic Programming (GP) [6] and
Gene Expression Programming (GEP) [2] to model a dynamic system.
It is presented a set of examples where GP and GEP have found good models.
Examples included in this work are: a mass spring shock absorber, a coupled
mass-spring system, the Van der Pol Equation, a non-linear pendulum with
friction, and a wind time series.
This article shows three diﬀerent ways of representing a model in GP and
GEP. It is used an ordinary diﬀerential equation, a system of ordinary diﬀerential
equations and a time series approach.
Section 2 is an introduction to system identiﬁcation. Section 3 shows the
representation of a dynamic system in GP. Section 4 is the experiments scenarios. Section 5 presents examples in of linear systems. Section 6 shows examples
of non-linear systems. Section 7 presents an example of time series. Section 8
presents a summary of the obtained results. Section 9 presents the conclusions.

2

System Identiﬁcation

System identiﬁcation (SID) is the process of deriving a mathematical model
from the internal dynamics of a system of observations of its outputs. Modeling
is the essential ﬁrst step in a variety of engineering problems. For example, if an
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engineer is going to control a dc-motor, ﬁrst he needs to model it. The model is
made by applying a given input to the system and observing its behavior. From
this behavior, a mathematical model is built and tested against the dc-motor.
Based on the obtained mathematical model, the controller is made.
Linear system identiﬁcation methods have been widely studied (see [7]). However, these methods involve a complicated process that usually can only be followed by an expert. Nonlinear system identiﬁcation remains a diﬃcult task,
because frequently there is not enough information about the system (i.e. the
structure system’s is unknown).

3

Representation of Dynamic Systems

In order to make the experiments, a computer program called ECSID (Evolutionary Computation based System Identiﬁcation) was implemented. ECSID
uses GP or GEP to build a mathematical model from observed data. ECSID
has three diﬀerent ways to represent a model; it can represent the model as an
ODE (Ordinary Diﬀerential Equation), a System of ODEs, or using a time series
approach.
All the models represented as ODE have the general form of Equation 1.
x(n) = f (t, x, x , x , . . . , x(n−1) )

(1)

ECSID evolves only the right part of Equation 1. The order of the system
is determined by the order of the highest order element whose coeﬃcient is not
zero. Figure 1 shows an ODE represented in ECSID. The ode represented in the
2
Figure is dd2xt = 7 dx
dt + 10x + 12. We can observe that this system is a second
order system, because it has a ﬁrst order element.

+
+

*

7

dx/dt

12

*
10

x

Fig. 1. ODE represented in ECSID.

In order to get the behavior of the system, Equation 1 is integrated. First
this equation is transformed to Equation 2 and a 4th order Runge-Kutta method
is used to integrate the latter.
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(2)

= f (t, y1 , y2 , · · · , yn )

Equation 2 is formed by replacing the following variables y1 = y, y2 = y  , y3 =
y , · · · , yn = y (n−1) .
ECSID can evolve a system of ODEs. It uses a multi-gene chromosome to
represent the system, where each gene has the same structure of the right part
of Equation 1. An operation similar to crossover was implemented; it is called
gene-recombination. Gene-recombination receives two individuals and randomly
chooses one gene from each individual and swaps them.
ECSID can also represent its models using a time series approach, where the
output is modeled as a function of past values of the input(s) and output(s).
Equation 3 shows this approach where k is the current time and τ is the maximum time shift.


yk = f (y1,k−1 , . . . , y1,k−τ , yn,k−1 , . . . , yn,k−τ )

(3)

Another characteristic of ECSID is that it can evolve linear systems. In order
to evolve linear systems we need to disable product and division. Product and
division can receive any s-expression and multiply or divide these s-expressions.
2
For example, product can give an individual whose form is dx
dt = x which is
non-linear. An operation called “coeﬃcient” is implemented to replace product.
Coeﬃcient receives any s-expression and a constant, and multiplies the constant
with the s-expression. It was also implemented a function that punishes individuals that are non-linear. One way of punishing a non-linear individual is to set
its ﬁtness to its original ﬁtness plus the average ﬁtness of the population.

4

Experiments Scenarios

In order to compare experiments from diﬀerent domains, we use the correlation
coeﬃcient (Equation 4). The correlation coeﬃcient gives a number between −1
and 1 where 1 means that the curves are equal.

 
n xy − x y
(4)
r= 



[n x2 − ( x)2 ][n y 2 − ( y)2 ]
ECSID uses the standard evolutionary computation procedure, random initial population, ﬁtness proportional selection and elitism. The ﬁtness function is
the absolute diﬀerence of the errors Σ|e|. Each experiment had a population of
500 individuals and was run for 500 generations The termination criteria is met
when the correlation coeﬃcient is ≥ 0.99. All models presented here are selected
from the best individuals of 20 independent runs. Table 1 shows the parameters
used in ECSID .
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Genetic Operator
Probability
Mutation
0.2
Crossover
0.8
is-transposition
0.1
ris-transposition
0.1
gene-transposition
0.1
one-point recombination
0.3
two-point recombination
0.3
GP and GEP gene-recombination
0.1
Table 1. Genetic operators’ parameters

5

Linear Systems

There are a lot of problem that are modeled as linear systems. E.g. Electrical
Circuits, Electrical Machines, Mechanical Systems, etc. If it is known that the
system is linear, it is important that ECSID ﬁnds a linear model. A system is
linear if it can be represented as Equation 5.
dn x
dx
+ a0 (t)x = g(t)
+ . . . + a1 (t)
(5)
dtn
dt
In order to obtain a linear model, we use two methods: the ﬁrst one uses the
operation “coeﬃcient” and disables the operations “product” and “division”; the
second one uses a function that punishes those individuals that are non-linear.
The function set used to obtain the following two examples is {+, −, ∗, /} and
the terminal set is {x, dx
dt , }. The symbol  means a random ﬂoating point
number in the range [0, 100]. In the following example a function that punishes
those individuals that are non-linear is used.
The ﬁrst example is a mass spring shock absorber. Equation 6 shows its
model. Its initial conditions are x(0) = 1 and x (0) = 0.
an (t)

dx
d2 x
− 3x
(6)
=−
dt2
dt
GP and GEP evolved the same equation that Equation 6. Figure 2 shows the
graphics of Equation 6.
In the second example we model a coupled mass-spring system. Equation 7
shows this system. The initial conditions for the system are x(0) = 1, x (0) =
0, y  = 2, y  (0) = 0.
d2 x
= −5x + 2y
dt2
2
d y
= 2x − 2y
dt2

(7)

In this example GEP and GP obtained the same model. Equation 8 shows
this model. It can be observed that the obtained model is linear.
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Fig. 2. Mass Spring Shock-absorber

d2 x
= −x
dt2
d2 y
= −y
dt2

(8)

Figure 3 shows the behavior exhibited by the obtained models and the real
system (there are four graphics in the ﬁgure because each model has two equations).
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Fig. 3. Mass springs coupled.

ECSID has obtained models for a linear pendulum, an electric circuit (two
branches), and a DC machine; all of models obtained exhibit a similar behavior
that the ones presented in this section. All the models that have been obtained
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have a similar structure than the real models. Therefore this methodology builds
good models and also the models obtained can be understood by an engineer.
Hinchliﬀe [4] states that it is unlikely to evolve models that can provide
any insight into the underlying physical processes of a dynamic system. In all
experiments done so far we have found models that have a similar structure than
the real models. Therefore this procedure can produce not only good models but
also models that provide some insight into the underlying physical processes.
The results obtained using both methods (“coeﬃcient” and punish function)
were comparable.
We have not found any work that can evolve linear systems.

6

Non-linear Systems

Non-linear systems are those systems that cannot be represented using Equation
5. These kind of systems are very important; e.g. mechanical systems, chemical
processes, electrical circuits, etc.
This example evolves the Van der Pol Equation, which is shown in Eq. 9.
The experiment was done with initial conditions x(0) = 1.5 and x (0) = 0. The
function set is {+, −, ∗, /} and the terminal set is { dx
dt , x, }
dx
d2 x
= (1 − x2 )
−x
(9)
dt
dt
Both GEP and GP obtained the same model that Equation 9. Figure 4 shows
the real model and the obtained by GEP and GP.

4

GEP
♦
GP +
Real +
+
+
+
+
+
+
+
+
+
+
+
+
2
+
+
♦
♦
♦
♦
♦
♦
+
+
♦
♦
♦
♦
♦
♦
♦
+
♦
♦
+
+
+
♦
+
+
+
♦
♦
♦
♦
+
+
♦
+
+
+
♦
♦
♦
+
♦
♦
♦
+
+
♦
♦
+
+
+
+
♦
♦
♦
♦
+
+
+
♦
+
♦
♦
+
+
♦
♦
+
♦
+
+
♦
+
+
♦
+
+
♦
♦
+
♦
♦
♦
♦
+
+
+
♦
+
+
♦
+
♦
♦
+
+
♦
+
♦
♦
♦
♦
+
+
+
♦
+
+
♦
+
+
♦
♦
+
♦
♦
♦
+
♦
+
♦
+
+
♦
+
♦
+
+
♦
♦
+
♦
♦
+
♦
+
♦
+
♦
+
+
1
♦
+
+
♦
+
+
♦
♦
+
♦
♦
+
♦
♦
+
♦
+
+
♦
+
♦
+
+
♦
+
+
♦
♦
♦
+
♦
f(t)
♦
+
♦
+
+
♦
+
♦
+
+
+
♦
♦
+
+
♦
♦
♦
♦
+
♦
♦
+
+
+
+
♦
♦
♦
+
+
+
♦
+
♦
+
♦
♦
+
♦
♦
♦
+
+
♦
♦
+
+
♦
+
+
+
♦
♦
+
+
♦
♦
+
♦
+
♦
♦
+
♦
♦
+
+
+
♦
♦
+
+
♦
+
+
♦
♦
+
♦
♦
♦
♦
♦
+
♦
+
+
♦
♦
+
0 +
+
♦
+
+
♦
♦
+
♦
♦
♦
+
+
+
+
+
♦
+
♦
+
♦
♦
+
+
+
♦
♦
♦
+
+
♦
+
♦
+
♦
♦
+
+
♦
+
+
♦
♦
+
♦
♦
♦
+
+
♦
+
♦
+
♦
+
+
♦
+
+
♦
+
♦
♦
♦
+
♦
+
♦
+
+
♦
+
+
♦
+
♦
♦
+
♦
♦
+
♦
+
♦
♦
+
+
+
♦
+
+
♦
+
♦
♦
♦
♦
+
+
♦
+
+
♦
♦
+
+
♦
+
+
♦
♦
+
♦
-1
♦
+
♦
♦
+
+
+
♦
+
+
♦
♦
+
+
♦
♦
♦
+
♦
♦
+
♦
♦
+
+
+
♦
+
♦
♦
♦
+
♦
♦
♦
+
+
♦
+
+
+
♦
+
♦
+
♦
♦
+
♦
+
+
♦
+
+
♦
+
+
♦
♦
♦
+
♦
+
♦
♦
+
♦
♦
+
♦
+
+
+
♦
♦
+
+
♦
+
+
+
+
♦
♦
♦
♦
+
♦
♦
+
+
♦
♦
+
+
+
+
♦
+
+
+
♦
♦
+
+
+
♦
♦
♦
+
♦
♦
+
♦
♦
+
+
+
+
+
♦
+
+
♦
+
+
+
+
+
♦
♦
♦
+
♦
♦
+
+
+
♦
♦
+
+
+
+
+
♦
♦
♦
♦
-2
♦
♦
♦
♦
♦
♦
♦
♦
♦
♦
♦
♦
3

5

10

15

20

25

30

time
Fig. 4. Van der Pol Equation

The next example is a non-linear pendulum with friction; equation 10 nonlinear pendulum shows the model. The initial conditions for the experiment
are θ(0) = 1 and θ  (0) = 0, the function set is {+, −, ∗, /, sin, cos, exp} and the
terminal set is { dθ
dt , θ, }.
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dθ
d2 θ
= −2 − 19.6sin(θ)
(10)
d2 t
dt
Equations 11 and 12 show the result using GEP and GP, respectively. It
is observed that the models obtained are linear but it is not implemented any
restriction about non-linearity. Figure 5 shows the behavior exhibited by those
models.
d2 θ
dθ
dθ
= −2θ − 2 − 20θ
d2 t
dt
dt

(11)

dθ
d2 θ
= −2.3048492976 − 19.3437292976θ
d2 t
dt

(12)
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Fig. 5. Pendulum with friction.

Gray et al [3], Weinbrenner [11] and Cao et al [1] use a similar procedure to
evolve non-linear systems. All of them represent the system as an ODE. Their
procedure uses GP to ﬁnd the structure of the system and another one to ﬁnd
the parameters of the system.
In all the experiments done we have not found evidence that it is necessary to
use a diﬀerent procedure to optimize the parameters of the ODE. We have found
that GP does a good job in ﬁnding a model that behaves close to the observed
data. Furthermore all the models obtained are simple enough to be understood
by an engineer.

7

Time Series Prediction

This example models a wind time series using a slide window prediction method.
In order to compare the obtained model, we developed an ARIMA model (see
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[8]) using the standard ARIMA procedure. This model was obtained using the
software Minitab [9]. Equation 13 shows the model obtained using the ARIMA
procedure. Where e means the prediction errors.
f (n) = f (n − 1) + f (n − 2) − f (n − 13) − 0.997e(n − 1)
− 0.7976e(n − 12) + 0.7956e(n − 13)

(13)

The function set is {+, −, ∗, /, sin, cos, log} and the terminal set is {yn−1 , . . . , yn−16 , }
Equation 14 shows the best model. Figure 6 shows the time series and the
obtained model.
sin(ln(f (n − 12)))
+ f (n − 2))
sin(f (n − 14))
8.5209
+ cos(
+ f (n − 12) − 6.8962)
6.8594
ln(ln(f (n−3))) − 5.6555

f (n) = 0.1408 cos(

+

(0.7323f (n − 12) + 4.1514) cos(2 sin(f (n − 12)))
f (n−9)
f (n−14)

(14)

− f (n − 2)
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Fig. 6. Wind Time Series

The correlation coeﬃcient of Equation 13 is r = 0.51933 meanwhile for Equation 14 is r = 0.7313. It is clear that GP found a better model than the one
obtained by the ARIMA procedure.
Lie et al [5], and Szpiro [10] use a slide window prediction method (Equation
3) to model a time series. Hinchliﬀe [4] used this method to ﬁnd a model of a
dynamic system.
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Results

Table 2 presents a summary of the results of the experiments. ECSID found
good models in all the the experiments represented as ODEs and slide window
regressors. In the last experiment the model found is no as good as the others
but the observed data is more complex.
Method
Problem
r
GEP Mass Spring Shock-absorber (Eq. 6) 1
GP Mass Spring Shock-absorber (Eq. 6) 1
GEP
Coupled mass-spring (Eq. 8)
1
GP
Coupled mass-spring (Eq. 8)
1
GEP
Van der Pol (Eq. 9)
1
GP
Van der Pol (Eq. 9)
1
GEP
Pendulum with friction (Eq. 11) 0.9982
GP
Pendulum with friction (Eq. 12) 0.9969
GEP
Wind Prediction (Eq. 14)
0.7313
Table 2. Results

Table 3 shows the computational resources needed to ﬁnd a good model
with a probability of 0.99 (see [2] Chapter 8). This information was acquired
experimentally. Each experiment was run 20 times. I(M, i, z) is the number of
individuals that needs to be processed in order to obtain a model with a correlation coeﬃcient ≥ 0.99. The last column is maximum number of generations
needed to set a correlation coeﬃcient ≥ 0.99.
Column I(M, i, z) and Gen. give us an idea of the problem complexity and
the computational resources needed by GP or GEP. It is observed that the most
complex problem is the “Pendulum with friction” for both cases and the simplest
experiment is the “Coupled mass-spring” again for both cases.
From this table we can say that GP generally needs to process less individuals
than GEP, therefore it also needs less generations. Ferreira [2] states that GEP
is better than GP. We have not found any evidence that supports her assertion.
Another characteristic that can be inferred from this table is the number of
generations needed, we can say that 100 generations are acceptable.
The wind time series model is not included in this table because there is
not information to calculate I(M, i, z), instead an ARIMA model was used to
compare the GP model.

9

Conclusions

In this work we have found experimentally that GP is better than GEP because it
processes less individuals to obtain comparable results. ECSID has found good
models and those models can provide an insight into the underlying physical
process of a dynamic system.

186

Flores J. and Graff M.
Method
Problem
I(M, i, z) Gen.
GEP Mass Spring Shock-absorber 110, 162 77
GP Mass Spring Shock-absorber
9, 000 18
GEP
Coupled mass-spring
41, 275
4
GP
Coupled mass-spring
42, 760
8
GEP
Van der Pol
2, 872, 995 64
GP
Van der Pol
197, 769 37
GEP
Pendulum with friction
262, 011 137
GP
Pendulum with friction
48, 000 48
Table 3. Computational eﬀort

We provide the reader with a set of experiences that show evidence about
what results a scientist or engineer might expect from using GP for modeling
Dynamic Systems.
ECSID is a free software, written in Lisp, and can be downloaded from
http://sf.net/projects/ecsid.
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