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Preface

WSC 2008 Chair’s Welcome Message

Dear Colleague,

The World Soft Computing (WSC) conference is an annual international
online conference on applied and theoretical soft computing technology. This
WSC 2008 is the thirteenth conference in this series and it has been a great
success.

We received a lot of excellent paper submissions which were peer-reviewed
by an international team of experts. Only 60 papers out of 111 submissions
were selected for online publication. This assured a high quality standard
for this online conference. The corresponding online statistics are a proof of
the great world-wide interest in the WSC 2008 conference. The conference
website had a total of 33, 367 different human user accesses from 43 countries
with around 100 visitors every day, 151 people signed up to WSC to discuss
their scientific disciplines in our chat rooms and the forum. Also audio and
slide presentations allowed a detailed discussion of the papers.

The submissions and discussions showed that there is a wide range of soft
computing applications to date. The topics covered by the conference range
from applied to theoretical aspects of fuzzy, neuro-fuzzy and rough sets over
to neural networks to single and multi-objective optimisation. Contributions
about particle swarm optimisation, gene expression programming, clustering,
classification, support vector machines, quantum evolution and agent systems
have also been received. One whole session was devoted to soft computing
techniques in computer graphics, imaging, vision and signal processing.

This year WSC 2008 recognised the steadily increasing number of the-
oretical papers, both theoretical papers as well as practical contributions
complemented very well and made WSC 2008 an open and comprehensive
discussion forum.



VI Preface

This proceeding is a compilation of selected papers from the WSC 2008
conference now being available to the public in a printed format. We look
forward to meeting you again in Cyberspace at the WSC 2009 conference.

General Chairman
Priv.-Doz. Dr.-Ing. Dipl.-Inform. Jörn Mehnen
Cranfield University, Cranfield, UK

Programme Co-Chairs
Mario Köppen, Kyushu Institute of Technology, Fukuoka, Japan
Ashraf Saad, Armstrong Atlantic State University, USA

23rd February 2009
http://wsc-2008.softcomputing.org





Welcome Note by the World Federation
on Soft Computing (WFSC) Chairman

On behalf of the World Federation on Soft Computing (WFSC) I would like
to thank you for your contribution to WSC 2008! The 13th online World
Conference on Soft Computing in Industrial Applications provides a unique
opportunity for soft computing researchers and practitioners to publish high
quality papers and discuss research issues in detail without incurring a huge
cost. The conference has established itself as a truly global event on the
Internet. The quality of the conference has improved over the years. The
WSC 2008 conference has covered new trends in soft computing to state of
the art applications. The conference has also added new features such as
virtual exhibition and online presentation.

I would also like to take this opportunity to thank the organisers for a
successful conference. The quality of the papers is high and the conference
was very selective in accepting the papers. Also many thanks to the authors,
reviewers, sponsors and publishers of WSC 2008! I believe your hard work
has made the conference a true success.

Chairman of WFCS
Professor Rajkumar Roy
World Federation on Soft Computing (WFSC)
24th February 2009
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Carlos D. Barranco, Jesús R. Campaña, Juan M. Medina

Proportional Load Balancing Using Scalable Object
Grouping Based on Fuzzy Clustering . . . . . . . . . . . . . . . . . . . . . . . . 41
Romeo Mark A. Mateo, Jaewan Lee

Part II: Neural Network Applications

Multilevel Image Segmentation Using OptiMUSIG
Activation Function with Fixed and Variable Thresholding:
A Comparative Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Sourav De, Siddhartha Bhattacharyya, Paramartha Dutta



XIV Contents

Artificial Neural Networks Modeling to Reduce Industrial
Air Pollution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Zvi Boger

Wavelet Neural Network as a Multivariate Processing Tool
in Electronic Tongues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Juan Manuel Gutiérrez, Laura Moreno-Barón, Lorenzo Leija,
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Fuzzy Group Decision Making for Management
of Oil Spill Responses

Renato A. Krohling and Daniel Rigo

Abstract. The selection of combat strategy to oil spill when multi-criteria and multi-
person are involved in the decision process is not an easy task. In case of oil spill, ur-
gent decisions must be made so that the available options of responses are activated
in such a way that the environmental, social and economic impacts are minimized.
In this context, the decision agents involved in the decision process are the environ-
mental agency, a non-governmental organization (NGO), and a company that get
in conflict during the decision process because each one defends its own interests.
So, a consensus to reach the best viable solution is desirable. The advantages and
disadvantages of different types of combat strategy should be weighted, taking into
account the preferences and the different point of view of the decision agents. In
this context, the process to form a consensus and to elaborate the response strate-
gies necessarily involves a process of decision making with multi-objectives and
multi-person (decision agents) so that the importance of social, economic and envi-
ronmental factors is considered. In this work, the fuzzy evaluation method is applied
in order to automatically find the best combat response. The method is applied to
evaluate combat response to oil spill in the south coast of the Espirito Santo state,
Brazil. Simulation results show the viability of the method.

1 Introduction

The increase in the oil activities in the coast of Espirito Santo, Brazil [1] either in the
offshore production or in the transport of oil and its derivate products also increases
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e-mail: rigo@npd.ufes.br

J. Mehnen et al. (Eds.): Applications of Soft Computing, AISC 58, pp. 3–12.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2009



4 R.A. Krohling and D. Rigo

the risk of oil spills in the sea. An eventual accident with crude oil spill can cause
negative environmental impacts and serious social and economic consequences for
the coastal region affected. Therefore, the arrival of oil spots to the coast would
affect fishing, tourism and leisure activities in beaches and would especially cause
environmental damages to the local ecosystem affecting reproduction of sea species,
among others.

In order to act in emergency situations, it is necessary to have a contingency plan
aiming to minimize the damages caused by oil spills. In Brazil, the development of
these plans has been a duty of companies involved in the exploration and transport of
oil activities. The National Environmental Council, CONAMA [2] elaborated legis-
lations and guidelines that must be followed by the companies. The design of near-
optimal combat responses is difficult to be achieved because it depends on factors,
such as amount and type of spilled oil, the local of the spill, climatic and oceanic
conditions, among others. The problem is especially difficult to be treated due to
the dynamic nature of the marine environment. Trajectories prediction of oil spot
is an essential element to be used in the management of oil spills in a coastal zone.
Computational models for simulation based on Lagrangian and Eulerian approaches
have been used with promising results [3-9]. In case of oil spill, the interests of the
environmental agencies, non-governmental organizations and of oil companies in-
volved in the accident get inevitably in conflict in the decision process of choosing
the best combat strategy; each one representing its own interests. In such situations,
a consensus to reach the best viable solution is of great importance. The advantages
and disadvantages of different types of combat responses should be weighted. On
the one hand, one has equipment costs and maintenance, and on the other hand one
wants the smallest environmental impact on the coastal areas affected by the ac-
cident. In this context, the process to reach a consensus and to elaborate response
strategies necessarily involves a process of decision making with multiples objec-
tives that take into account the preferences of the decision agents [10], so that the
importance of social, economic and environmental factors is considered.

In emergency cases, the effective response capacity to oil spill in the open sea
reveals a critical issue in the domain of integrated management of coastal regions.
On the one hand, the goal is to remove the highest possible amount of spilled oil in
the surface of the sea in order to minimize the environmental impact on the coast;
and one the other hand the goal is also minimize the investments on equipments
and facilities and its maintenance and cleaning costs. In this case study, various
combat strategies for a hypothetical oil spill in the field of Jubarte, ES, Brazil, are
simulated. The goal consists in the elaboration of a decision matrix. In this way,
different alternative solutions will be performed, and in turn, selected according to
environmental impacts, and social and economic aspects. Since the interests of the
decision agents are involved and are directly or indirectly affected by the decisions
made, a methodology to take into account the linguistic preferences of the decision
makers based on fuzzy logic is presented.

The goal of this work is to develop a tool for decision support to aid the involved
decision makers in the contingency plan, which consists of combat strategies to
oil spill for the south coast of the ES. The system should be able to suggest good
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combat alternatives based on preferences of the decision agents. Such preferences
expressed through linguistic terms are described by means of fuzzy logic. The lin-
guistic knowledge of the group is aggregated providing good combat alternatives
to oil spills. The remainder of this paper is organized as follows: Section 2 shortly
describes decision making methods; the case study is presented in section 3. In sec-
tion 4, the approaches using the fuzzy evaluation method are described. Simulation
results are shown in section 5 and conclusions with directions for future works are
given in section 6.

2 Fuzzy Decision Making Methods

Fuzzy models [11] provide a way to incorporate information to an uncertainty model
when statistical information is not available, or when it is necessary to deal with
qualitative descriptions provided by specialists in form of declarations regarding
impact of alternatives. In this work, it is enough to only consider that it is possible
to evaluate the impact of an alternative through a fuzzy set. Thus, each alternative
has a degree of membership in the fuzzy decision. So, it is possible an interac-
tive intervention by the decision agents, who can modify the definitions of goals
and choose acceptable levels during the decision process. In the construction of a
model with multiple criteria [12] one has in mind the acceptable goals and thresh-
olds. Fuzzy logic tries to capture the complexity of the evaluation process through
linguistic declarations.

The performance of the alternatives in terms of criteria contributes to form the
matrix of inputs of a fuzzy model. Additionally, the preferences of the decision
agents for each pre-specified criterion are required. The values of criteria may be
disclosed in a qualitative or quantitative way. In many cases, it is not realistic to
expect that participants of a decision process, who have no technical background,
provide a numerical value for a specified criterion. Therefore, the participants of the
decision process are guided to select an importance level and their preferences are
directly integrated in the fuzzy decision model [13].

By means of numerical simulation, the consequences of the use of different com-
bat strategies in function of the specified criterion can be evaluated. Generally, it is
possible to characterize scenarios through linguistic descriptions. Thus, in an im-
pact model it is always necessary to transform this approach by providing means to
evaluate the consequences of a decision for each possible scenario. In this work, the
impact is described by the environmental damage [14-15].

3 Case Study

The oil field of Jubarte is one of the largest Brazilian oil reservoirs supplying heavy
oil (17o API); situated in the north of the geologic basin of Campos, state of Rio
de Janeiro, in deep waters ( about 1,300m deep) in the south coast of the state of
Espirito Santo. It is situated approximately 80 km off the coast to the Pontal de
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Ubú, as shown in Fig. 1 [16]. The geodesic coordinates from which the simulations
of combat responses to a hypothetical accident with heavy oil have been made are:
21o15’33.2” S and 40o01’02” W. For investigation purposes, the volume of spilled
oil was fixed in 15,000 m3, which represents the scenario of the highest amount
of oil reaching the coast (worst scenario). The environmental conditions and other
parameters of the hydro-dynamical model have been kept the same as described in
Environmental Impact Assessment (EIA) of Jubarte [17]. The main parameters used
in the modeling of combat strategies to the hypothetical oil spill in Jubarte oil field
are found in [16].

Fig. 1 Location of the Jubarte oil field

Response strategies to oil spill have been studied by simulating trajectories of oil
spot based on information of the type of oil, location of the spill point, spilled vol-
ume, meteorological and oceanic conditions [16]. This kind of study allows simulat-
ing different scenarios (including non-response) and some configurations of combat
strategies using different types of equipments (containment boats, collect boats, me-
chanical and chemical dispersion, etc.). In order to elaborate a contingency plan, the
information provided by the prediction of spot trajectories is of fundamental im-
portance. In this study, the scenarios have been simulated using the computational
package OILMAP [18]. After preliminary evaluations, some alternatives character-
ized for certain number of contention formations (scenarios) will be pre-selected.
Here alternatives and solutions will always be synonyms of possible decisions. For
this case study, 10 alternatives have been defined. The set of alternatives is evalu-
ated according to each of the criteria, which may be considered as representative for
many coastal regions. As examples of these criteria, one can use the amount of oil
that reaches the coast, the oil collected by the combat formations, the cleaning costs,
among others. They reflect the interests with special emphasis on the pollution due
to the spilled oil. Basically, the process of decision making is composed of decision
agents, alternatives and criteria. In this study, the alternatives represent the number
of formations (equipments); the criteria are oil at the coast, and oil intercepted; and
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the decision agents are represented by an environmental agency, an NGO, and an oil
company). Detailed Information on the formation of the alternatives may be found
in [16]. Table 1 presents the result of the simulations for several combat alternatives
based on containment and collection associated with the combined dispersion (me-
chanical and chemical) of the spilled oil. Although the criteria adopted in this work
is the amount of oil at the coast (OC) and the amount of oil intercepted (OI) repre-
senting the amount of oil collected plus the amount of oil dispersed, other criteria
may be used.

Table 1 Combat alternatives and criteria

Alternatives Oil at the cost (OC) in m3 Oil Intercepted (OI)
(collected + dispersed) in
m3

Alt. 1 8.627 5.223
Alt. 2 9.838 4.023
Alt. 3 10.374 3.495
Alt. 4 8.200 5.659
Alt. 5 5.854 7.989
Alt. 6 8.108 5.790
Alt. 7 6.845 7.083
Alt. 8 5.738 8.238
Alt. 9 5.858 8.189
Alt. 10 6.269 7.808

4 Fuzzy Evaluation Method

The description of the Fuzzy Evaluation Method (FEM) [19] presented here is based
on the approach proposed in [14]. Basically, the first stage consists of a performance
matrix obtained via simulations of the combat strategies (alternatives) that contain
uncertainties and that are fuzzyfied. In the second stage, the participants of the deci-
sion process inform their preferences in linguistic terms, which are defuzzified and
integrated to the decision model. This way, the global impact of each alternative is
calculated as shown in Fig. 2.

The first step is to establish the number of fuzzy sets for each criterion. Usually,
a number between 3 and 7 fuzzy sets is enough. Five fuzzy sets were defined to
describe the level of impact for the criterion oil at the coast (OC): very low (VL), low
(L) medium (M), high (H), and very high (VH). So, the number of fuzzy sets for the
criterion μi is {VLi,Li,Mi,Hi,VHi}. The second step is to choose the membership
functions for each fuzzy set for the criterion i, so that the numerical values of the
performance matrix are fuzzified. Triangular, trapezoidal, or Gaussian membership
functions may be used. Let xn

i assign the value of the performance for the alternative
n in terms of the criterion i, then μn

i j indicates the membership degree regarding the
j-th fuzzy set of the i-th criterion.
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Fig. 2 Fuzzy Evaluation Method for group decision making

The next step consists in quantifying the environmental damage in terms of the
combat strategy. An easy way used in [14] is to introduce levels of environmental
damages equal to zero (no impact) until to one (maximum impact) equally spaced
expressed by the vector [δ1,δ2 ,...,δ11 ] = [0, 0.1,...,0.9, 1.0]. In the following, the
Fuzzy Evaluation Method consisting of two stages is described.

4.1 First Order Fuzzy Evaluation Method

The assignment matrix of the fuzzy degree of the 1st order represents lexical degrees
associated to the levels of environmental damages (vectord δ ). For the criterion OC
the assignment matrix is shown in Table 2. Although representing specialist knowl-
edge of the problem, the coefficients are of empirical nature and may be modified
in an interactive way according to the application. This way, the combination of the
assignment matrix of the fuzzy degree of 1st order (Ri) with the damage fuzzy vec-
tor (An

i ) results in the set of the 1st order evaluation that can be calculated for the
alternative n in terms of criterion i by

Bn
i = An

i ·Rn
i . (1)

4.2 Second Order Fuzzy Evaluation Method

In the process of decision making for the management of oil spill responses, it
is evident that for each criterion as OC, and OI, the perspective of the decision
agents (environmental agency, NGO, and oil company) is not given the same impor-
tance. Therefore, following the approach developed in [14] a weight vector W s,n is
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Table 2 Damage levels and fuzzyfication [14]

Fuzzy sets Damage levels (11)

VL 1 0.8 0.6 0.4 0 0 0 0 0 0 0
L 0.6 0.8 1 0.8 0.6 0.4 0 0 0 0 0
M 0 0 0.4 0.6 0.8 1 0.8 0.6 0.4 0 0.6
H 0 0 0 0 0 0.4 0.6 0.8 1 0.8 1
VH 0 0 0 0 0 0 0 0.4 0.6 0.8 1

introduced to denote the weight for criterion n regarding the opinion of the decision
agent s. Three levels of importance are assigned for each criterion: very important,
moderate and unimportant. In this work, the number of decision agents is three (the
environmental agency, NGO, and oil company). They express their preferences ac-
cording to Table 3. Finally, to transform lexical information into quantitative numer-
ical information, the defuzzyfication method used is the weighted average. Thus, by
multiplying the vector of weight W s,n by the 1st order evaluation set Bi, results in the
2nd order evaluation set Ks,n, that can be calculated for the alternative n according
to the opinion of the decision agent s as

Ks,n = W s,n ·Bn = ks,n
1 ,ks,n

2 , ...,ks,n
11 . (2)

Table 3 Opinions of the decision agents in form of weights (adapted from [14])

Decision makers Criterium OC Criterium OI

Agent 1: Environmental agency moderate moderate
Agent 2: Oil company moderate very important
Agent 3: NGO very important unimportant

For the labels very important, moderate and unimportant are assigned the weights
0.95, 0.5, 0.05, respectively.

The global impact for each alternative n taking into account the opinion of the
decision agent s is calculated by

Ks,n =
∑11

p=1 Ks,n
p ·δp

∑11
p=1 δp

· (3)

After calculating the global impact it is possible to rank the alternatives; those that
present smaller global impact should be preferred. In the following, results of a
hypothetical oil spill described in section 3 as case study are presented in order to
illustrate the method.
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5 Results

The data shown in Table 1, provided by means of numerical simulations of the oil
spot trajectories for 10 alternatives, serve as input for the decision process. For the
two criteria, oil at the coast (OC) and oil intercepted (OI) fuzzy sets with Gaussian
membership functions were used, as shown in Fig. 3.

Fig. 3 Membership func-
tions for the linguistic vari-
able oil at the coast (OC)
and for the linguistic vari-
able oil intercepted (OI),
each with 5 fuzzy sets

This type of membership function is very used due to its overlapping character-
istics. The fuzzy sets VL, L, M, H, VH stands for ”Very Low”, ”Low”, ”Medium”,
”High” and ”Very High” impact, respectively. The three participants represented by
an environmental agency, an oil company, and a NGO express their preferences as
given in Table 3. The application of the fuzzy evaluation method allows calculat-
ing the total impact for each alternative n taking into account the preference of the
decision agent s, as shown in Table 4. After ranking the alternatives for each de-
cision agent one gets the classification shown in Table 5. The solution is given by
alternatives of lesser total impact.

Table 4 Total impact of 10 alternatives for each of the 3 decision agents

Decision makers Alt.1 Alt.2 Alt.3 Alt.4 Alt.5 Alt.6 Alt.7 Alt.8 Alt.9 Alt.10

Agent 1 0.67 0.66 0.63 0.66 0.48 0.66 0.60 046 0.47 0.53
Agent 2 1.00 0.96 0.89 1.00 0.74 0.99 0.90 0.70 0.71 0.80
Agent 3 0.60 0.65 0.69 0.60 0.41 0.61 0.55 0.40 0.41 0.47

As we can observe in Table 5, the best option for agent 1 (environmental agency),
for agent 2 (the oil company) and for agent 3 (the NGO representing ecologists) is
Alternative 8 that represents the smaller global impact. By changing the weights
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Table 5 Ranking of the 10 alternatives taking into account the preferences of the 3 decision
agents

Decision makers Alternatives

Agent 1 Alt.8> Alt.9> Alt.5> Alt.10> Alt.7 > Alt.3> Alt.2> Alt.6> Alt.4>
Alt.1

Agent 2 Alt.8> Alt.9> Alt.5> Alt.10> Alt.3 > Alt.7> Alt.2> Alt.6> Alt.4>
Alt.1

Agent 3 Alt.8> Alt.9> Alt.5> Alt.10> Alt.7 > Alt.1> Alt.4> Alt.6> Alt.2>
Alt.3

(opinions of the decision makers), automatically one alters the preferences and the
calculation of the total impact of the alternatives, which, in turn, may modify the
ranking of the alternatives.

6 Conclusions

In this work, a computational method for supporting decision making applied to
management of oil spill response is presented. The method allows the participants of
the decision process to express their preferences in linguistic form. In this manner it
is possible to consider information of different groups of participants and to combine
environmental, and others criteria through the use of fuzzy logic. An application to
a case study involving a hypothetical accident in the oil field of Jubarte, situated in
the south coast of Espirito Santo State, Brazil, shows the suitability of the method
that serves as aid in the identification of good combat strategies (alternatives). For
this case study, ten combat alternatives, two decision criteria, and three participants
representing groups of decision makers have been used. However, the method can
be applied for any number of participants, alternatives and criteria. Methods for
ranking fuzzy numbers are being investigated and will be reported in the future.
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Sensor Fusion Map Building-Based on Fuzzy
Logic Using Sonar and SIFT Measurements

Alfredo Chávez Plascencia and Jan Dimon Bendtsen

Abstract. This article presents a sensor data fusion method that can be used for map
building. This takes into account the uncertainty inherent in sensor measurements.
To this end, fuzzy logic operators are used to fuse the sensory information and to
update the fuzzy logic maps. The sensory information is obtained from a sonar array
and a stereo vision system. Features are extracted using the Scale Invariant Feature
Transform (SIFT) algorithm. The approach is illustrated using actual measurements
from a laboratory robot.

1 Introduction

In the field of autonomous mobile robots one of the main requirements is to have the
capacity to operate independently in uncertain and unknown environments; fusion
of sensory information and map building are some of the key capabilities that the
mobile robot has to possess in order to achieve autonomy. Map building must be
performed based on data from sensors; the data in turn must be interpreted and
fused by means of sensor models. The result of the fusion of the sensor infor-
mation is utilised to construct a map of the robot’s environment. In this paper, a
sensor data fusion application to map building is presented. The approach is ex-
emplified by building a map for a laboratory robot by fusing range readings from
a sonar array with landmarks extracted from stereo vision images using the SIFT
algorithm.
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Fuzzy set theory provides a natural framework in which uncertain information
can be handled. Fuzzy sets are used to represent the uncertainty in sensor mea-
surements. The resulting representation is similar to the occupancy grid, commonly
obtained by stochastic theory [1, 2]. In the fuzzy approach, the environment is rep-
resented as a universal set U˜, in which a real number is associated to each point
quantifying the possibility that it belongs to an obstacle, [13]. Two fuzzy sets O˜ and
E˜ that belong to U˜ are defined to represent the evidence of a single cell Ci, j being
occupied and empty respectively. These two sets are no longer complementary. In
the map building process, the sensor data fusion approach and the map updating are
carried out by means of fuzzy set operators. A thorough comparison between fuzzy
vs. probabilistic is presented in [13]. The aim of this paper is to show the feasibility
of SIFT -sonar map building based on fuzzy set operators.

2 Sensor Models

2.1 Sonar Model

A common sensor used to measure distance is the ultrasonic range finder, a.k.a.
sonar. The sonar can measure the distance from the transducer to an object quite ac-
curately. However, it cannot estimate at what angle within the sonar cone the pulse
was reflected. Hence, there will be some uncertainty about the angle at which the
obstacle was measured. A wide range of sonar models have been developed in the
past years by various researchers, [1, 2, 3, 4]. For instance, [4] presents a modified
version of the probabilistic Elfes-Moravec model, [1]. [14] combines the models
presented in [1, 4]. This model in fact combines the quadratic and exponential dis-
tributions in the empty probability region of the sonar model. Due to its robustness
this model is used in this paper.

Consider the representation of the sonar beam cone shown in figure 1, where the
sonar beam is formulated as two functions. These functions measure the confidence
and uncertainty of an empty and occupied region in the cone beam of the sonar
respectively. They are defined based on the geometrical aspect and the spatial sen-
sitivity of the sonar beam. Let Ψ denote the top angle of the cone in the horizontal
plane and let φ denote the (unknown) angle from the centre line of the beam to the

Fig. 1 Sonar Model
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grid cell Ci, j . Let r denote a sonar range measurement and ε the mean sonar devia-
tion error. The value μ in the sonar model represents the minimal measurement and
δ is the distance from the sonar to the cell.Then f e

s (δ ,φ ,r) = Fs(δ ,r)An(φ) rep-
resents the evidence of the cell Ci, j (translated from polar coordinates (r,φ )) being
empty, and f o

s (δ ,φ ,r) = Os(δ ,r)An(φ) represents the evidence of the cell Ci, j being
occupied. The factors Fs, Os and An(φ) are given by the expressions stated in 1 as
shown in [14].

Fs(δ ,r) =

⎧⎪⎨⎪⎩
1−
(

δ
r

)2
, if δ ∈ [0,μ ]

eδ , if δ ∈ [μ ,r− ε]
0 otherwise

Os(δ ,r) =

⎧⎨⎩
( 1

r

)(
1−
(

δ−r
ε

)2
)

, if δ ∈ [r− ε,r + ε]

0 otherwise

An(φ) =

{
1−
(

2φ
Ψ

)2
, if φ ∈ [−Ψ

2 ,
Ψ
2

]
0 otherwise (1)

2.2 Vision-SIFT-Descriptor Model

2.2.1 SIFT

The other sensor used for sensor fusion in this study is a stereo vision system. In
particular, the Scale Invariant Feature Transform (SIFT) is a method for extracting
distinctive invariant features from digital images [5]. The features are invariant to
scaling and rotation. They also provide a robust matching across a substantial range
of affine distortion, change in 3D view point, addition of noise and change in illu-
mination. Furthermore, the features are distinctive, i.e. they can be matched with
high probability to other features in a large database with many images. Once the
descriptors are found in each image, i.e. left and right images, a matching algorithm
is applied in both images. Figure 2 presents the matching feature descriptors which
have been identified from a stereo pair of images.

2.3 SIFT-Descriptor Model

The triangulation algorithm outlined in [6] has been implemented in order to obtain
the depth of the matching SIFT descriptors.

Due to the factors of quantification and calibration errors, a certain degree of un-
certainty must be expected in the triangulation. Mathies and Shafer [11] shows how
to model and calculate the triangulation error in stereo matched with 3D normal
distributions. Geometrically these uncertainties translate into ellipsoidal regions.
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Fig. 2 Descriptor matches between left and right images

The stereo uncertainty error and the 3D Gaussian distribution can be depicted as in
figures 3(a) and 3(b).

The empty regions from the left and right cameras as shown as shadow areas in
figure 3(a) also need to be modelled. In [1], the empty area of the sonar model
has a probabilistic representation. This approach has been taken into consideration
and implemented with satisfactory results. Figure 4(a) shows a 3D model of the
uncertainty triangulation together with the empty uncertainty region of the empty
areas, which in fact is the 3D probability model of the SIFT-descriptor.

Gaussian uncertainty region

Uncertainty region
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Fig. 3 ((a) Stereo Geometry showing triangulation uncertainty as a diamond around a point
M. It also shows the empty region uncertainty from the pair of cameras to the uncertainty
region of the point M. (b) 2D dimensional Gaussian distribution uncertainty region
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(a) (b)

Fig. 4 (a) 3D representation of the occupied area by the SIFT -descriptor. (b) 3D representa-
tion of the empty area of the SIFT -descriptor

3 Sensor Fusion Based on Fuzzy Set Theory

3.1 Dombi Operator

Fuzzy logic offers a natural framework in which uncertain information can be han-
dled [7]. The studies of fuzzy set theory can be traced back to the work done by
Zadeh in the middle of 60′s and early 70′s. Further information can be found in the
references [8, 9].

A proper survey of fuzzy set operators for sensor data fusion can be found in
[10]. The union Dombi fuzzy set operator, 2, was introduced by Dombi [12] and
has been used in sensor data fusion. Due to its success and inspired by [7] the dombi
operator is the choice of this paper.

uλ (μA˜ (x), μB˜ (x)) =
1

1 +

[(
1

μA˜(x) − 1
)−λ

+
(

1
μB˜(x) −1

)−λ
]− 1

λ
(2)

with λ ∈ (0,∞).
The Dombi operator has the following property.
if λ1 < λ1 =⇒ uλ1

(μA˜ (x), μB˜ (x)) > uλ2
(μA˜ (x), μB˜ (x)). This can be interpreted

as λ is increased the Dombi operator produces larger union sets.

3.2 Fuzzy Maps from Sensor Measurements

Map building from sensor readings provides an example of a kind of uncertainty
named lack of evidence, that does not indicate whether a given element is a member
of a particular crisp set. Moreover, in the fuzzy context, the two sets E˜ and O˜ are
no longer complementary: for a given point, partial membership to both E˜ and O˜ is
possible, [13].
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The fuzzy map building problem can be formulated as defining these two fuzzy
sets O˜ and E˜ over a universal set U . Such that, O˜ ⊂U ⊂R

2 and E˜ ⊂U ⊂R
2. The

purpose of these two fuzzy sets is to allocate the evidence of a single cell Ci, j being
occupied or empty by the degree of their respective membership functions μO˜(x)and μE˜(x) for each x ∈ U . The degree of the membership functions stem from the

interpreted sensor data by the sensor models. To this end, two local fuzzy sets O˜ k

and E˜ k that contain local evidence are defined.
The sensor fusion and the map updating can be carried out by means of fuzzy set

operators. The Dombi union operator is used to handle the sensor data fusion and
the map updating. The local fuzzy maps O˜ k and E˜k updates the global fuzzy maps
O˜ and E˜ over the Dompi operator.

O˜ = O˜ ∪O˜ k

E˜ = E˜ ∪E˜k (3)

A fuzzy map M˜ that identifies unsafe cells by complementing a safe map S˜ can be
used for the robot during its motion.

M˜ = S̄˜ (4)

Where
S˜ = E˜2 ∩ Ō˜ ∩ (Ē˜ ∪ Ō˜ )∩ (E˜ ∪O˜ ) (5)

In the above formula, S˜ is a conservative fuzzy map that identifies safe cells, and
is obtained by subtracting from the very empty ones E˜2 the complement of the am-
biguous, the indeterminate and the occupied sets. According to [13], by squaring
the value of the membership function E˜ , the difference between low and high val-
ues is emphasised. The set of ambiguous cells is defined as (A˜ = E˜ ∩O˜ ) and its
complement is ( ¯A˜ = Ē˜ ∪ Ō˜ ), whereas the set of indeterminate cells is defined as
(I˜ = Ē˜ ∩ Ō˜ ) and its complement is Ī˜ = (E˜ ∪O˜ ).

The above fuzzy set computations are performed by the complement and the
intersection operators 6.

c(μA˜ (x)) = 1−μA˜ (x)

i1(μA˜ (x), μB˜ (x)) = min(μA˜ (x),μB˜ (x)) (6)

4 Map Building Experimental Results

A Pioneer3AT from ActiveMedia serves as an experimental testbed. It provides data
by a ring of 16 ultrasonic sensors, stereo vision system and a laser rangefinder.
The laser rangefinder was used for the purpose of evaluating the incoming data
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from the sonar and the stereo pair of cameras respectively. The experiment was
carried out in a typical office/laboratory environment. In this environment, the robot
travels a random trajectory and collects data. The mobile robot makes a total of
n = 30 measurements along this trajectory. In each measurement the robot scans
the environment of the laboratory and gathers the data by means of the mentioned
sensors. The laser gets 361 readings in the interval [0o,180o]. The sonar ring scan
the environment in the interval [0o,360o]. The vision system receives the features
from the overlapping field of view of the two cameras. The ring of sonars is placed
around the robot, the vision and laser systems are aligned vertically over the sonar
ring and they are placed in the front of the robot.

Figure 5(a) and 5(b) show the global O˜ fuzzy set maps based on sonar readings.
The ambiguous sonar fuzzy set map is presented in figure 6(c). Finally, the fuzzy
sonar map M˜ is depicted in figure 6(d).

Sensor fusion map building experiments based on fuzzy logic set operators using
stereo vision system are shown in figure 7. More precisely, figure 7(a) and 7(b)
depicts the global O˜ fuzzy set maps. Figure 8(c) presents the ambiguous vision
fuzzy set map. Finally, the fuzzy vision map M˜ is depicted in figure 8(d).

(a) (b)

Fig. 5 (a) Sonar occupied fuzzy set map (b) Sonar empty fuzzy set map

(c) (d)

Fig. 6 (c) Ambiguous sonar fuzzy set map (d) Fuzzy sonar map
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(a) (b)

Fig. 7 (a) Vision occupied fuzzy set map (b) Vision empty fuzzy set map

(c) (d)

Fig. 8 (c) Ambiguous vision fuzzy set map (d) Fuzzy vision map

The intersection of the two global fuzzy set maps, O˜ and E˜ , can be seen in figure
9(a) and 9(b). Note the satisfactory accordance of the map with the shape of the
laboratory/office. The empty area is defined quite well even though the amount of

(a) (b)

Fig. 9 Intersection of the two global fuzzy set maps (a) 2D representation (b) 3D
representation
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(a) (b)

Fig. 10 (a) Represents the map of the laboratory/office based laser readings. (b) The map of
the laboratory/office embedded into the laser map

measurements were not abundant enough to create a dense map. The former can
better be seen by taking a look at the figure 9(b).

Figure 10(a) shows the grid created only from laser rangefinder data. This picture
demonstrates the room shape. The layout of the laboratory/office is embedded into
the laser map as seen in figure 10(b). It can be seen that the laser map is quite
accurate when comparing it with the layout of the laboratory/office, and for this
reason it is taken reference map.

5 Conclusion

Experimental results have shown the feasibility of the use of fuzzy set operators in
map building based on interpreted sensor data fusion readings. They have also illus-
trated satisfactory performance in the applicability of fuzzy logic in the integration
of the SIFT algorithm in the area of sensor fusion in mobile robots.
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Rough Sets in Medical Informatics Applications

Aboul Ella Hassanien, Ajith Abraham, James F. Peters, and Gerald Schaefer

Abstract. Rough sets offer an effective approach of managing uncertainties and can
be employed for tasks such as data dependency analysis, feature identification, di-
mensionality reduction, and pattern classification. As these tasks are common in
many medical applications it is only natural that rough sets, despite their relative
‘youth’ compared to other techniques, provide a suitable method in such applica-
tions. In this paper, we provide a short summary on the use of rough sets in the med-
ical informatics domain, focussing on applications of medical image segmentation,
pattern classification and computer assisted medical decision making.

1 Introduction

Rough set theory provides an approach to approximation of sets that leads to useful
forms of granular computing. The underlying concept is to extract to what extent a
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given set of objects (e.g. extracted feature samples) approximate another set of ob-
jects of interest. Rough sets offer an effective approach of managing uncertainties
and can be employed for tasks such as data dependency analysis, feature identifica-
tion, dimensionality reduction, and pattern classification.

Based on rough set theory it is possible to construct a set of simple if-then rules
from information tables. Often, these rules can reveal previously undiscovered pat-
terns in sample data. Rough set methods can also be used to classify unknown data
based on already gained knowledge. Unlike many other techniques, rough set anal-
ysis requires no external parameters and uses only the information present in the
input data. Rough set theory can be utilised to determine whether sufficient data for
a task is available respectively to extract a minimal sufficient set of features for clas-
sification which in turn effectively performs feature space dimensionality reduction.

Although, compared to other methods, a relatively recent technique, these char-
acteristics have prompted various rough set approaches in the general domain of
medical informatics. In the following we will therefore, after giving a brief intro-
duction to basic rough set concepts, provide an overview of the use of rough sets in
this area. In particular, we will show how rough sets have been used for medical im-
age segmentation, classification, for mining medical data, and in medical decision
support systems.

2 Rough Set Theory

Rough set theory [11, 14] is a fairly recent intelligent technique for managing un-
certainty that is used for the discovery of data dependencies, to evaluate the im-
portance of attributes, to discover patterns in data, to reduce redundancies, and to
recognise and classify objects. Moreover, it is being used for the extraction of rules
from databases where one advantage is the creation of readable if-then rules. Such
rules have the potential to reveal previously undiscovered patterns in the data; fur-
thermore, it also collectively functions as a classifier for unseen samples. Unlike
other computational intelligence techniques, rough set analysis requires no external
parameters and uses only the information presented in the given data. One of the
useful features of rough set theory is that it can tell whether the data is complete
or not based on the data itself. If the data is incomplete, it will suggest that more
information about the objects is required. On the other hand, if the data is complete,
rough sets are able to determine whether there are any redundancies and find the
minimum data needed for classification. This property of rough sets is very impor-
tant for applications where domain knowledge is very limited or data collection is
expensive because it makes sure the data collected is just sufficient to build a good
classification model without sacrificing accuracy [11, 14].

In rough set theory, sample objects of interest are usually represented by a table
called an information table. Rows of an information table correspond to objects and
columns correspond to object features. For a given set B of functions representing
object features and a set of sample objects X , an indiscernibility relation ∼B is a set
of pairs (x,x′)∈X ×X such that f (x) = f (x′) for all f ∈B. The relation∼B defines a
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quotient set X/∼B, i.e., a set of all classes in the partition of X defined by∼B. Rough
set theory identifies three approximation regions defined relative to X/ ∼B, namely,
lower approximation, upper approximation and boundary. The lower approximation
of a set X contains all classes that are subsets of X , the upper approximation con-
tains all classes with non-empty intersections with X , and the boundary is the set
difference between the upper and lower approximations.

Rough image processing can be defined as the collection of approaches and
techniques that understand, represent and process images, their segments and fea-
tures as rough sets [21]. In images boundaries between object regions are often
ill-defined [10]. This uncertainty can be handled by describing the different objects
as rough sets with upper (or outer) and lower (or inner) approximations.

3 Rough Sets in Medical Image Segmentation

One of the most important tasks in medical imaging is segmentation as it is often a
pre-cursor to subsequent analysis, whether manual or automated. The basic idea be-
hind segmentation-based rough sets is that while some cases may be clearly labelled
as being in a set X (called positive region in rough sets theory), and some cases may
be clearly labelled as not being in X (called negative region), limited information
prevents us from labelling all possible cases clearly. The remaining cases cannot be
distinguished and lie in what is known as the boundary region. Kobashi et al. [7]
introduced rough sets to treat nominal data based on concepts of categorisation and
approximation for medical image segmentation. The proposed clustering method
extracts features of each pixel by using thresholding and labelling algorithms. Thus,
the features are given by nominal data. The ability of the proposed method was eval-
uated by applying it to human brain MRI images. Peters et al. [12] presented a new
form of indiscernibility relation based on k-means clustering of pixel values. The
end result is a partitioning of a set of pixel values into bins that represent equiva-
lence classes. The proposed approach allows to introduce a form of upper and lower
approximation specialised relative to sets of pixel values.

An improved clustering algorithm based on rough sets and entropy theory was
presented by Chena and Wang [1]. The method avoids the need to pre-specify the
number of clusters which is a common problem in clustering based segmentation
approaches. Clustering can be performed in both numerical and nominal feature
spaces with a similarity introduced to replace the distance index. At the same time,
rough sets are used to enhance the algorithm with the capability to deal with vague-
ness and uncertainty in data analysis. Shannon’s entropy was used to refine the clus-
tering results by assigning relative weights to the set of features according to the
mutual entropy values. A novel measure of clustering quality was also presented
to evaluate the clusters. The experimental results confirm that both efficiency and
clustering quality of this algorithm are improved.

An interesting strategy for colour image segmentation using rough sets has been
presented by Mohabey et al. [9]. They introduced a concept of encrustation of the his-
togram, called histon, for the visualisation of multi-dimensional colour information
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in an integrated fashion and study its applicability in boundary region analysis. The
histon correlates with the upper approximation of a set such that all elements belong-
ing to this set are classified as possibly belonging to the same segment or segments
showing similar colour value. The proposed encrustation provides a direct means of
separating a pool of inhomogeneous regions into its components. This approach can
then be extended to build a hybrid rough set theoretic approximations with fuzzy
c-means based colour image segmentation. The technique extracts colour informa-
tion regarding the number of segments and the segment centers of the image through
rough set theoretic approximations which then serve as the input to a fuzzy c-means
algorithm.

Widz et al. [20] introduced an automated multi-spectral MRI segmentation tech-
nique based on approximate reducts derived from the theory of rough sets. They
utilised T1, T2 and PD MRI images from a simulated brain database as a gold
standard to train and test their segmentation algorithm. The results suggest that ap-
proximate reducts, used alone or in combination with other classification methods,
may provide a novel and efficient approach to the segmentation of volumetric MRI
data sets. Segmentation accuracy reaches 96% for the highest resolution images
and 89% for the noisiest image volume. They tested the resultant classifier on real
clinical data, which yielded an accuracy of approximately 84%.

4 Rough Sets in Medical Classification

The computation of the core and reducts from a rough set decision table is a way of
selecting relevant features [15]. It is a global method in the sense that the resultant
reducts represent the minimal sets of features which are necessary to maintain the
same classification power given by the original and complete set of features. A more
direct manner for selecting relevant features is to assign a measure of relevance to
each feature and choose the features with higher values. Based on the reduct system,
we can generate the list of rules that will be used for building the classifier model
for the new objects. Reduct is an important concept in rough set theory and data
reduction is a main application of rough set theory in pattern recognition and data
mining.

Wojcik [21] approached the nature of a feature recognition process through the
description of image features in terms of rough sets. Since the basic condition for
representing images must be satisfied by any recognition result, elementary features
are defined as equivalence classes of possible occurrences of specific fragments ex-
isting in images. The names of the equivalence classes (defined through specific
numbers of objects and numbers of background parts covered by a window) consti-
tute the best lower approximation of the window contents (i.e., names of recognised
features). The best upper approximation is formed by the best lower approximation,
its features, and parameters, all referenced to the object fragments located within
the window. The rough approximation of shapes is robust with respect to acciden-
tal changes in the width of contours and lines and to small discontinuities and, in
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general, to possible positions or changes in shape of the same feature. Rough sets
are also used for noiseless image quantisation.

Swiniarski and Skowron [16] presented applications of rough set methods for fea-
ture selection in pattern recognition. They emphasise the role of basic constructs of
rough set approaches in feature selection, namely reducts and their approximations,
including dynamic reducts. Their algorithm for feature selection is based on the ap-
plication of a rough set method to the result of principal component analysis (PCA)
used for feature projection and reduction. In their study, mammogram images were
evaluated for recognition experiments. The database contains three types of images:
normal, benign, and malignant. For each abnormal image the co-ordinates of centre
of abnormality and proximate radius (in pixels) of a circle enclosing the abnormal-
ity, have been given. For classification the centre locations and radii apply to clusters
rather than to the individual classifications. From the original mammograms, 64 x
64 pixel sub-images were extracted around the center of abnormality (or at the aver-
age co-ordinate for normal cases). They concluded that the rough set methods have
shown ability to significantly reduce the pattern dimensionality and have proven to
be viable image mining techniques as a front end of neural network classifiers.

Cyran and Mrzek [2] showed how rough sets can be applied to improve the clas-
sification ability of a hybrid pattern recognition system. Their system consists of
a feature extractor based on a computer-generated hologram (CGH) where the ex-
tracted features are shift, rotation, and scale invariant. An original method of opti-
mising the feature extraction abilities of a CGH was introduced which uses rough
set concepts to measure the amount of essential information contained in the fea-
ture vector. This measure is used to define an objective function in the optimisation
process. Since rough set based factors are not differentiable, they use a nongradient
approach for a search in the space of possible solutions. Finally, rough sets are used
to determine decision rules for the classification of feature vectors.

5 Rough Sets in Medical Data Mining

With increasing sizes of the amount of data stored in medical databases, efficient and
effective techniques for medical data mining are highly sought after. Applications of
rough sets in this domain include inducing propositional rules from databases using
rough sets prior to using these rules in an expert system. Tsumoto [18] presented
a knowledge discovery system based on rough sets and feature-oriented generali-
sation and its application to medicine. Diagnostic rules and information on features
are extracted from clinical databases on diseases of congenital anomaly. Experimen-
tal results showed that the proposed method extracts expert knowledge correctly
and also discovers that symptoms observed in six positions (eyes, noses, ears, lips,
fingers, and feet) play important roles in differential diagnosis.

Hassanien el al. [4] presented a rough set approach to feature reduction and gen-
eration of classification rules from a set of medical datasets. They introduced a rough
set reduction technique to find all reducts of the data that contain the minimal subset
of features associated with a class label for classification. To evaluate the validity of



28 A.E. Hassanien et al.

the rules based on the approximation quality of the features, a statistical test to eval-
uate the significance of the rules was introduced. A set of data samples of patients
with suspected breast cancer were used and evaluated. The rough set classifica-
tion accuracy was shown to compare favourably with the well-known ID3 classifier
algorithm.

Huang and Zhang [5] presented a new application of rough sets to ECG recogni-
tion. First, the recognition rules for characteristic points in ECG are reduced using
rough set theory. Then the reduced rules are used as restriction conditions of an
eigenvalue determination arithmetic to recognise characteristic points in ECG. Sev-
eral aspects of correlative arithmetic such as sizer method, difference method and
how to choose difference parameters are discussed. They also adopted MIT-BIH
data to verify R wave recognition and it is shown that the resulting detection rate is
higher than those of conventional recognition methods.

Recently, Independent Component Analysis (ICA) [6] has gained popularity as
an effective method for discovering statistically independent variables (sources) for
blind source separation, as well as for feature extraction. Swiniarski et al. [17] stud-
ied several hybrid methods for feature extraction/reduction, feature selection, and
classifier design for breast cancer recognition in mammograms. The methods in-
cluded independent component analysis, principal component analysis (PCA) and
rough set theory. Three classifiers were designed and tested: a rough sets rule-based
classifier, an error back propagation neural network, and a Learning Vector Quanti-
zation neural network. Based on a comparative study on two different data sets of
mammograms, rough sets rule-based classifier performed with a significantly better
level of accuracy than the other classifiers. Therefore, the use of ICA or PCA as a
feature extraction technique in combination with rough sets for feature selection and
rule-based classification offers an improved solution for mammogram recognition
in the detection of breast cancer.

6 Rough Sets in Medical Decision Support Systems

The medical diagnosis process can be interpreted as a decision-making process,
during which the physician induces the diagnosis of a new and unknown case from
an available set of clinical data and from clinical experience. This process can be
computerised in order to present medical diagnostic procedures in a rational, objec-
tive, accurate and fast way. In fact, during the last two or three decades, diagnostic
decision support systems have become a well-established component of medical
technology.

Podraza et. al [13] presented an idea of complex data analysis and decision sup-
port system for medical staff based on rough set theory. The main aim of their sys-
tem is to provide an easy to use, commonly available tool for efficiently diagnosing
diseases, suggesting possible further treatment and deriving unknown dependencies
between different data coming from various patient’s examinations. A blueprint of
a possible architecture of such a system is presented including some example al-
gorithms and suggested solutions, which may be applied during implementation.
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The unique feature of the system relies on removing some data through rough set
decisions to enhance the quality of the generated rules. Usually such data is dis-
carded, because it does not contribute to the knowledge acquisition task or even
hinder it. In their approach, improper data (excluded from the data used for drawing
conclusions) is carefully taken into considerations. This methodology can be very
important in medical applications as a case not fitting to the general classification
cannot be neglected, but should be examined with special care.

Mitra et al. [8] implemented a rule-based rough-set decision system for the de-
velopment of a disease inference engine for ECG classification. ECG signals may
be corrupted by various types of noise. Therefore, at first, the extracted signals are
undergoing a noise removal stage. A QRS detector is also developed for the detec-
tion of R-R interval of ECG waves. After the detection of this R-R interval, the P
and T waves are detected based on a syntactic approach. Isoelectric-level detection
and base-line correction are also implemented for accurate computation of differ-
ent features of P, QRS, and T waves. A knowledge base is developed from medical
literature and feedback of reputed cardiologists regarding ECG interpretation and
essential time-domain features of the ECG signal. Finally, a rule-based rough-set
decision system is generated for the development of an inference engine for disease
identification from these time-domain features.

Wakulicz-Deja and Paszek [19] implemented an application of rough set theory
to decision making for diagnosing mitochondrial encephalomyopathies in children.
The resulting decision support system maximally limits the indications for invasive
diagnostic methods (puncture, muscle and/or nerve specimens). Moreover, it short-
ens the time necessary for making diagnosis. The system has been developed on
the basis of data obtained from the Clinic Department of Pediatrics of the Silesian
Academy of Medicine.

7 Conclusions

In this paper, we have provided a brief overview of rough sets and their use in var-
ious medical tasks. Although rough sets represent a relatively recent approach, a
number of effective applications have demonstrated their potential and it is only
to be expected that research will continue to improve upon and extend these tech-
niques. Due to space constraints we were only able to highlight some of the work
on medical imaging and medical decision making. A more comprehensive review
of the literature on rough sets in medical imaging can be found in [3].
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A Real Estate Management System Based on
Soft Computing

Carlos D. Barranco, Jesús R. Campaña, and Juan M. Medina

Abstract. The paper describes a web based system which applies Soft Comput-
ing techniques to the area of real estate management. The application is built on
a Fuzzy Object Relational Database Management System called Soft Data Server,
which provides application capabilities for fuzzy data handling. A brief overview
of fuzzy types and operations available in Soft Data Server is also depicted. The
paper shows the way real estate attributes can be expressed using fuzzy data, and
how fuzzy queries can be used to express typical real estate customer requirements
on a fuzzy real estate database. Finally, a brief overview of the layered architecture
of the application is presented.

1 Introduction

ImmoSoftDataServerWeb (ISDSW) is a web based application which takes advan-
tage of fuzzy set theory applying it to the area of real estate management. The
application is built on a Fuzzy Object Relational Database Management System
(FORDBMS) which provides capabilities for fuzzy data handling. Real estate at-
tributes are expressed using fuzzy data, and fuzzy queries are defined to obtain ap-
propriate results.

In real estate brokerage, the search process is affected by vagueness due to flex-
ibility in the search conditions. For instance, let us consider an usual case of a cus-
tomer looking for an apartment within a price range. If the real estate sales agent
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does not have an offer of an apartment but has an offer of a flat in this price range,
the agent may consider informing the buyer about this offer, as it could be inter-
esting for him. In this example, the condition kind = apartment is made flexible in
order to match buyer requirements to existing offers. The use of flexible conditions
increases business opportunities by offering the customer a wider range of possible
interesting real estates.

ISDSW provides flexible search capabilities, understanding flexible search as the
definition of search conditions using a language closer to the user. This approach
allows the obtained results to fit better the specified conditions, obtaining a more
intelligent response to search requests. It also supports the visual definition of geo-
graphic conditions, which allow users to search for real estates located in a particular
geographic zone. The interface for geographic conditions definition is very simple
and intuitive for the user.

ISDSW aims to substitute real estate sales agents by an automated process in-
tegrated in a web application. To emulate the real estate agent flexibility, and to
increase the buyer expression capabilities, ISDSW offer a wide variety of flexible
conditions based on fuzzy set theory.

ISDSW is based on ImmoSoftWeb (ISW) [4], a web based real estate manage-
ment application that provides flexible real estate search features to users. While
ISW relies in FSQL Server [6], a fuzzy Relational DBMS server, ISDSW uses Soft
Data Sever, a server providing fuzzy data management functionalities using Object
Relational DBMS technologies.

The paper is organized as follows. Section 2 presents Soft Data Server and its
features. Section 3 depicts ImmoSoftDataServerWeb, where application specifics
and architecture are presented. Finally, Section 4 presents concluding remarks and
future work.

2 Soft Data Server (SDS)

Soft Data Server (SDS) [2, 3, 5] is an extension of Oracle R©, a well-known and
widespread commercial ORDBMS.

SDS extends the host ORDBMS by taking advantage of the extension mecha-
nisms included in the latest SQL standards, SQL:1999 [8] and SQL:2003 [7], as
the underlying ORDBMS is compliant with useful parts of these standards. This
extension allows to create a FORDBMS on top of the underlying ORDBMS.

SDS mainly defines a group of User Defined Types (UDTs) which hold the rep-
resentation and manipulation details of fuzzy data in the database, and help the user
to create his own fuzzy types.

These UDTs and their supertype/subtype relation are depicted in Figure 1. The
figure includes a pair of abstract data types that do not correspond to real database
types, but help to clarify the SDS type structure. The mentioned abstract data types
are Database Data Types, which model a root type for every database data type,
and Built-In Types, which is the common ancestor for the built-in data types of the



A Real Estate Management System Based on Soft Computing 33

DatabaseDataTypes

FlexiblyComparableTypes

AtomicFCT FuzzyCollections ComplexFCT

FuzzyNumbers ConjunctiveFC

BuiltInTypes

FCScalars DisjunctiveFC

Fig. 1 SDS Datatype Hierarchy

ORDBMS. In the figure these abstract data types appear in a dark background in
order to differentiate them from non-abstract UDTs.

The UDTs for fuzzy data representation and manipulation included in SDS are
the following:

• Flexibly Comparable Types (FCTs): This UDT is the common ancestor for all the
UDTs included in SDS. Its main purpose is to encapsulate all the common and
compulsory behavior for FCTs. One of these compulsory methods is an abstract
method for flexible comparison (feq), which is redefined in each subtype in order
to implement its corresponding flexible equivalence relation. This redefinition is
particularly important for user defined FCTs, as the user attaches to the data type
an especially designed flexible equivalence relation. Another common behavior
encapsulated in this UDT is the set of methods to allow the definition, update and
deletion of linguistic labels for the type.

The feq method (Fuzzy Equal) is defined as in (1), where D is the domain de-
fined as a FCT, and μERD is the membership function of the flexible equivalence
relation defined for the FCT.

f eq(a,b) = μERD(a,b);a,b ∈ D . (1)

The domains (UDTs and built-in types) of SDS are divided into two separate
groups, those implementing the feq method, and those not implementing it. The
domains of the former type are named FCT types, and the domains of the latter
group are named Non FTC (NFCT) types.

• Atomic FCT: This UDT acts as the common ancestor for those SDS UDTs de-
signed to represent non complex or set oriented data, namely atomic fuzzy data,
as fuzzy numbers and scalars.

• Fuzzy Numbers: This UDT is designed to represent and manage fuzzy num-
bers in SDS. This FCT models a domain whose elements are fuzzy numbers
defined as trapezoidal possibility distributions. These distributions are modelled
as four numerical built-in types μ[α ,β ,γ,δ ]. Using this representation it is possible
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describe crisp values, approximate values, intervals and trapezoidal distributions.
Trapezoidal possibility distributions are defined as shown in (2).

μ[α ,β ,γ,δ ](x) =

⎧⎪⎪⎨⎪⎪⎩
0 x ≤ α or x ≥ δ
x−α
β−α α < x < β
1 β ≤ x ≤ γ
δ−x
δ−γ γ < x < δ

,α ≤ β ≤ γ ≤ δ . (2)

Additionally, this UDT includes methods implementing fuzzy relational com-
parators for fuzzy numbers. These fuzzy comparators are similar to those
included in FSQL Server. The resemblance of two fuzzy numbers could be cal-
culated by means of their possibility measure. Therefore, the feq method of this
FCT can be implemented as shown in (3), where a and b are two fuzzy numbers,
and ⊗ a t-norm.

f eq(a,b) = sup
x

(μa(x)⊗ μb(x)) . (3)

• FC Scalars: This UDT is designed as a common ancestor for the FCT repre-
senting discrete scalar domains where a flexible equivalence relation is defined.
The type encloses helper methods for the definition and removal of FCTs repre-
senting flexibly comparable scalar domains along with their associated flexible
equivalence relations. Each object of this FCT is able to represent one scalar, or
less formally a label, of the domain.

• Fuzzy Collections: This UDT is the ancestor of every type included in SDS which
represents an extension of the collection types of the ORDBMSs.

• Conjunctive FC: This UDT gathers all the necessary functionality related to
fuzzy collections with conjunctive semantics. This functionality includes helper
methods for the definition and deletion of fuzzy collections which base type is
determined by the user.

• Disjunctive FC: This UDT is analogous to the previously described UDT, but
with disjunctive semantics. As the previous UDT, this data type includes helper
methods for the management of fuzzy collections.

• Complex FCT: This UDT is a common ancestor for every user defined FCT
designed to represent and manage complex data organized as a structure of fields.
It includes a set of methods that encapsulate the user defined behavior for the data
type. This supertype includes a specific implementation of the feq method that is
based on a generic flexible equivalence relation for flexibly comparable complex
data types.

• Special Linguistic Labels: Every FCT has a predefined set of special linguistic
labels. These linguistic labels represent special values which are used to model
the ignorance of a field value, the UNKNOWN label, the inapplicability of a field,
the UNDEFINED label, and the ignorance about the applicability of the field and
its value if the field were applicable, the NULL label. These special linguistic
labels were defined in the GEFRED model [10]. The definition of these labels is
slightly different in SDS due to the use of complex constructs like collections.
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Special linguistic labels in SDS are defined in terms of their resemblance values
when they are compared to other domain values as is shown in (4).

f eq(d,UNKNOWN) = 1,∀d ∈ D .
f eq(d,UNDEFINED) = 0,∀d ∈ D∪{UNKNOWN} .
f eq(d,NULL) = null,∀d ∈ D∪{UNKNOWN,UNDEFINED} .

(4)

2.1 Fuzzy Data Comparison

Even though the flexible equivalence relation of a user defined FCT can be any of
the designed by the user to meet particular requirements, this section introduces a
generic purpose flexible equivalence relation for user defined complex FCT.

The proposed flexible equivalence relation is a fuzzy resemblance measure for
complex objects, whose attributes either are of FCT or NFCT types. For the sake
of simplicity, the proposed flexible equivalence relation is named Complex Object
Resemblance Measure (CORM). The original idea of CORM was first proposed in
[9] for OODBMS context, and later adapted to the object-relational paradigm in [5].

The way CORM determines the resemblance between two objects of the same
type is sketched in Fig. 2, where o1 and o2 are objects of the same FCT, a1,a2, ...,an

are attributes of these objects, and vi j is the value of the attribute a j for the object
oi. This procedure is divided in two steps. First, a resemblance degree between the
pair of values of each attribute of the compared object is calculated. For the i-th
attribute, the function Sai(o1,o2) is used. Then, the resemblance degrees of each
pair of attribute values are aggregated. For this purpose, the VQ aggregator [9] is
employed. A detailed explanation on fuzzy complex FCTs comparison can be found
in [2].

Fig. 2 Resemblance of
two objects as proposed in
CORM
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3 ImmoSoftDataServerWeb (ISDSW)

ISDSW is a real estate search application based on the FORDBMS SDS. SDS
supports flexible data handling using standard SQL syntax. The application allows
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storage of real estates with flexible characteristics, and flexible querying over those
characteristics.

ISDSW is implemented on the Java2EE platform, taking advantage of the features
provided by Java on different application levels. The interface is built on JavaServer
Pages and Servlet technology, and uses AJAX (Asynchronous JavaScript and XML).
Its design allows the use of skins to personalize the look of the application, allowing
its integration on existing web sites.

3.1 Features

Although flexible search is the main feature of the application, ISDSW provides a
wide variety of services to users according to four different roles:

1. Non Registered User - Represents the initial state before register. This kind of
user can define flexible queries using all the search capabilities provided by
the application by means of web search forms. The user can obtain a registered
account in order to obtain enhanced features.

2. Registered User - These users have a personal account that is used to bookmark
interesting real estate profiles, store search criteria and post real estate offers.
When new real estates are added to the system, they are checked against stored
search conditions. If there is a match, an e-mail is sent to the user notifying the
arrival of a new interesting offer.

3. Sales Agent - ISDSW provides sales agents with the necessary tools to manage
a real estate customer base. Agents can manage the appointments requested by
registered users to visit a particular real estate and can perform queries in the real
estate database or in their customer bases. Additionally, new real states can be
added by sales agents.

4. Administrator - Application administration tasks are done entirely via web.
The administrator can manage user accounts, application elements and define
geographic regions used in the geographic search.

3.2 Fuzzy Attributes in the Application

Real Estate brokerage is a business area where information is pervaded with impre-
cision. Price, Area, Age, etc... are attributes which are represented using an approx-
imate value. In each case the flexible representation is useful for different reasons,
sometimes it is due to ignorance of the exact value of the attribute and other times it
is just an effect of the commercial side of the problem. In the following paragraphs
data types used to model application attributes are discussed.

The number of Rooms or Floors is a well known value for owners and real estate
agents, that is why we are representing it as a crisp value. Although the value is crisp,
it can be queried flexibly because this is a particular case of trapezoidal distribution.
Attribute Price is modelled as a FuzzyNumber type. Prices are subject to change
depending on real estate conditions, market tendencies and even subjective factors
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affecting the parties involved. Flexible representation of price ranges for real estates
allows to incorporate additional semantics to the values. The trapezoidal represen-
tation used for fuzzy numbers makes possible to model a range of acceptable prices
and a margin of negotiable prices. Attributes Area and Age are also represented as
FuzzyNumber types. This case is different because the imprecision of the values is
originated by ignorance of the exact value. Approximate values or intervals come in
handy in these cases. In the case of Kind and Conservation the type used is Fuzzy
Comparable Scalar, defining proximity relations for each value in the correspond-
ing domain. Attribute Location uses a special Geographic type that is explained in
detail in the following section.

3.3 Geographic Search

ISDSW search is enhanced with geographic features, users can define a geographi-
cal area where the real estates must be placed. Geographical conditions are applied
in conjunction with flexible conditions obtaining the real estates fulfilling all the
conditions in some degree.

The geographic interface is deployed using GoogleTM Maps API. The search form
displays a map where users can navigate to define the area on which the real estate
is going to be searched. It is also possible to define the search area using select
lists, each list allows to select an state or area, a city and a street or zone. In Fig. 3
the geographic search interface with the select lists is depicted, along with results
obtained for the query introduced.

The application manages geographic regions as a hierarchy with various granu-
larity levels, as can be seen in Fig. 4. The most general regions are countries, and the
most specific are street names with ZIP code or number. Each region has an iden-
tifier and a set of visualization coordinates. Every region references to the region
where it belongs in the superior level, except for countries, because they are at the

Fig. 3 Query results obtained with Google Maps powered geographic search
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Fig. 4 Geographic levels included in the application

top level. Each geographic region has a self-describing name, except for area and
zone. Area is used here as an aggregation of states, i.e. West Coast, Midwest, etc...
while zone represents a polygonal shape over a city.

The map is synchronized with the selection lists, each time a selection is made,
the map refreshes and shows the portion of the map corresponding to the visualiza-
tion coordinates of the region selected. If the user prefers to navigate the map, search
is performed according to the coordinates defined by the visualization window.

This geographical model allows to use certain degree of imprecision, real estates
can be placed with precise coordinates or attached to one of the regions defined.
Real estates of a particular region are selected as possible results if they fulfill the
search conditions and if the intersection of the visualization window at query time
with the coordinates of the region is not empty.

3.4 System Architecture

To implement the application we have chosen a layer based architecture in order to
ease maintenance and update of components.

The application is divided in three layers that interact between them as can be
seen in Fig.5.

1. Presentation Layer: Generates the user interface in order to provide an easy and
comfortable interaction with the application. The main components of this layer
are the Web Browser where the interface is visualized, JSP pages and JSP Tags
that compose the interface, and the Web Server that processes JSP pages and
sends resulting HTML to the user.

2. Logic Layer: The one that implements functionality and behavior expected from
the application and provides methods to access that functionality. This layer re-
ceives data from the interface and processes it so that it can be used in the fol-
lowing layer. Components of this layer are Java Bean objects which enclose all
application logic.

3. Data Access Layer: This layer allows application logic to access data stored in
the FORDBMS. Data access is managed by data persistence objects, and it is
performed using XML and FORDBMS fuzzy query syntax. This data persistence
system is extensible and new persistence objects can be derived from it.
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Fig. 5 General application architecture

Main components of this layer are the XSLT Parser, that translates user
queries expressed in XML to fuzzy queries the FORDBMS can understand, and
the FORDBMS itself (SDS), which executes fuzzy sentences and returns results.

The transformation from XML to fuzzy queries in SQL is performed to
gain independence from particular query syntaxes providing reusability and
adaptability.

Platform independence stands out as the main advantage of the proposed architec-
ture. Other important features are its completely customizable Interface, which can
be adapted easily using templates, its adaptable Application Logic that can be de-
ployed to a wide variety of database schemas, and the XML based Data Access
Layer which allows to gain independence from the underlying database syntax.
These features provide a flexible framework adaptable to changes in the design of
the interface, the database structure and the database language syntax.

The ISDSW system has been deployed for a local company as can be seen in [1].
This particular implementation of the system allows to give structure and provide
storage for real estate classified advertisements using fuzzy attributes. The user can
perform flexible searches using as query criteria price, type of real estate, geographic
location and other real estate features.

4 Concluding Remarks and Future Work

In this paper we have presented ImmoSoftDataServerWeb, a real estate manage-
ment application that takes advantage of fuzzy set theory to manage real estate of-
fers. Fuzzy data management is possible thanks to Soft Data Server, a Fuzzy Object
relational Database Management System, that is built as an extension of Oracle R©.
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Flexible search provides customers a wide range of results, similar to some degree
to their requirements. This new set of extended results provides new business op-
portunities.

Future work will focus on the creation of an application framework based on SDS
and ISDSW to generate custom fuzzy web search applications in a semi-automatic
way. The layered design and the use of technologies to obtain platform independence
makes the application fully customizable without too much effort.
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Proportional Load Balancing Using Scalable Object 
Grouping Based on Fuzzy Clustering* 

Romeo Mark A. Mateo and Jaewan Lee∗ 

Abstract. In this paper, we present a scalable grouping of distributed objects 
based on the fuzzy clustering and proposes an intelligent object search with an op-
timal load sharing. The scalable grouping of objects contributes on identifying the 
appropriate server to forward the incoming request and efficiently balances the 
loads using the proposed equally proportional load distribution (EPLD). In  
the search process, the load balancing service uses the EPLD function to minimize 
the load variations where the multiple memberships of each object are used to dis-
tribute the loads in near equal proportions to the servers. Performance result 
showed that the proposed scalable grouping classifies more objects for availability 
of resources and minimizes the load variations within the servers. 

1   Introduction 

The performance of the network systems is improved by forwarding the process 
from heavily-loaded computer to the least-loaded computer. Previous researches 
in load sharing of networked computers propose techniques that dynamically allo-
cate tasks within the network of computers. The implementation of the application 
system in distributed object environment provides a manageable load distribution 
of tasks [1, 2, 3]. The availability of services for transactions, concurrency control, 
security, events and persistent objects make it a desirable choice for use in many 
applications that are intended for use within an organization or a related of organi-
zations [4]. There are various architectures to select on designing the interaction of 
distributed objects. CORBA introduced standards and techniques on designing 
distributed object platforms [5] where the standards were defined by the Object 
Management Group (OMG) [6]. Jini of Sun Microsystems is a distributed object 
implementation using Java objects which is based on the concept of federating 
groups. Most studies in distributed object architectures focus on efficient search of 
objects [1, 7, 8 ,9] and load balancing of objects [2, 10, 11]. Large implementation 
                                                           
Romeo Mark A. Mateo . Jaewan Lee  
School of Electronic and Information Engineering, Kunsan National University 68  
Miryong-dong, Kunsan, Chonbuk 573-701, South Korea 

e-mail: {rmmateo, jwlee}@kunsan.ac.kr 

* This research was financially supported by the Ministry of Education, Science Technol-
ogy (MEST) and Korea Industrial Technology Foundation (KOTEF) through the Human 
Resource Training Project for Regional Innovation. 



42                                                                                                      R.M.A. Mateo and J. Lee 

of distributed system is proposed in Globe project [12] where the state is encapsu-
lated in the distributed shared objects and is use for distribution, consistency, and 
replication. Modular strategies overcome the complex interaction from objects, 
especially replication of objects, and led the researchers to propose object group 
models [13]. Object group models are designed to manage the system by grouping 
the objects and provide a singleton behavior of the grouped objects. The commu-
nications on object groups reflect the inter-dependence and take place from one 
group to another. To define, an object group is a set of objects related logically. A 
group acts as a logical addressable entity where an entity that requests a service 
from a group is a client of the group. Previous researches on object grouping 
method like in [3, 13] concentrate on the grouping mechanisms but lacks of 
knowledge based models which use the properties of objects as data. 

Clustering is one of the popular data analysis methods and remarkably rich con-
ceptual and algorithmic framework for data analysis and interpretation [14]. The 
structure revealed from clustering provides a good model for classification where 
each cluster forms a single class. In the research of cellular manufacturing by Ben-
Arieh [15], presents an algorithm for grouping where the method uses a classical 
method of clustering and using agents to negotiate which group the object be-
longs. In [16], a clustering method of objects is used to enhance the trading service 
of CORBA. It shows a clustering scheme, centered on semantics, rather than sche-
matics. The basis is to cluster services on their properties, which give service of-
fers their semantics. Service offers which have similar properties are related by 
being clustered into one or more contexts. These classical methods are only  
concerned with the exact value to separate the data clusters and other useful  
information from the granules of data is obviously ignored. 

This paper presents the scalable grouping of distributed objects based on fuzzy 
clustering and the intelligent object search based on the proposed equally propor-
tional load distribution (EPLD) that are implemented by the services, namely, 
grouping, locator and load balancing services. The fuzzy clustering is used to pro-
vide a scalable access to resources. The grouping service handles the knowledge 
based grouping using fuzzy clustering to determine the fuzzy membership. The lo-
cator service processes the client request of objects in by collaborating with the 
deployed mobile agents to select the server based on the EPLD, implemented by 
the load balancing service, to minimize the load variation within the servers. 

2   Background and Related Works 

Cluster analysis divides data into groups such that similar data objects belong to 
the same cluster and dissimilar data objects to different clusters [14]. Partitioning 
methods construct c partition of data, where each partition represents a cluster and 
c ≤ n. There are several methods used to achieve the optimization of clustering. 
The most common one, named c-means [17] is a well-established way of cluster-
ing data. Partition matrices are utilized which are appealing to illustrate the struc-
ture of patterns. The objective function depends on the distances between vectors 
uk and cluster centers ci, and when the Euclidean distance is chosen as a distance 
function, the expression for the objective function is, 
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The J is minimized by several iterations and stops if either the improvement over 
the previous iteration is below a certain tolerance or J is below a certain threshold 
value. However, the result only represents crisp membership and limits the scal-
ability of classifying the object to another group. Also, there are possibility that 
clustering fails on classifying the data because of variation of compactness. In 
strong similarity to the hard clustering algorithms, fuzzy clustering is derived [17]. 
Fuzzy clustering is different from hard c-means, mainly because it employs fuzzy 
partitioning, where a point can belong to several clusters with degrees of member-
ship. It does not try to assign each pattern to exactly one cluster, instead a degree 
of membership to each cluster is derived as well. In this paper, this approach is 
used to process the object properties in fuzzy clustering. The property-based clus-
tering of objects in [16] uses a graphical hierarchy links to connect the object to 
the context or properties but did not consider processing the data values from the 
properties in data analysis.  

Implementing load balancing to the distributed objects promotes QoS, scalabil-
ity and dependability through the system. Solving the problem of optimal load 
sharing in object based systems is a necessary issue of distributed systems. Nu-
merous middleware-based load balancing schemes are studied by researches like 
in the paper of Othman et. al. [17], the performance of round-robin and minimal 
dispersion load balancing schemes is analyzed. Using the round-robin provides a 
fast forwarding of request and has fast response time to clients request but the load 
distribution from the replica may not be equal. The disadvantage of the round-
robin is solved by the minimal dispersion algorithm but it consumes time on de-
termining the least loaded server where there is latency on the response time.  
Finally, the adaptive scheme is proposed where the two algorithms are used to im-
plement the efficient load balancing. Fuzzy logic controller is used in load balanc-
ing the Jini services [2]. The approach works by using a fuzzy logic controller 
which informs a client object to use the most appropriate service such that load 
balancing among servers is achieved. Jini is used to simulate the middleware  
platform, on which the proposed approach and as well as other approaches are im-
plemented and compared. Like in the research of Othman, the algorithm only con-
siders a single type of object to process the task. In the discussion of our proposal, 
objects contain different properties based on the service it provides which makes 
the load distribution more complex.  In the previous research [8], the adaptive load 
balancing of the distributed objects with different properties that forms object 
groups is considers. The coordination of the components to perform the adaptive 
load balancing provides an efficient load balancing. This proposal extends the is-
sue of the nodes that have different type of objects and addresses the computa-
tional capacity of computers where the previous research [8] only uses the same 
type of objects in each server and each server assumes that it all servers host same 
object type. 
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3   Scalable Object Grouping Based on Fuzzy Clustering 

The scalable object grouping uses fuzzy clustering and search method uses the 
proposed equally proportional load distribution. There are three services that im-
plement the proposed algorithms which are the grouping, locator and load balanc-
ing services. Clustering of objects is managed by grouping service to re-organize 
the objects based on the properties. In [16], a clustering of object services is used 
to enhance the search of appropriate objects by the trading service in CORBA. 

 

Fig. 1 Grouping of objects based on fuzzy clustering 

In this paper, we use the fuzzy clustering to classify more objects in a group 
which promotes scalability of resources to the system. A server can host one or 
several objects and objects are grouped based on its properties. The fuzzy mem-
bership of an object is used whenever a request is classified to a group of objects. 
This study assumes that each server can contain different objects and after execut-
ing the fuzzy clustering, each object having an approximate or equal value of 
properties to another object is identify as a replica of that object. The approxima-
tion is measured by the fuzzy values from the rules extracted by the proposed al-
gorithm. A mobile agent is assigned to contain the rules and information of the  
objects to be used in the search method. The objects are grouped by the grouping 
service and mobile agents are created and deployed in each host shown in  
Figure 1. After the procedure, each mobile agent updates its object information 
and fuzzy system. The objects overlap its membership to each mobile agent where 
some objects from agent A have a membership degree of belonging to agent B. 

The fuzzy clustering algorithm starts on partitioning the collection of K data 
points specified by m-dimensional vectors k (k = 1, 2… K) into c fuzzy clusters, 
and finds a cluster center in each cluster, minimizing an objective function. The 
initialization of centers is critical to have the minimum iteration from the objective 
function. In this study the fuzzy sets are initialized by using the eigen decomposi-
tion method in Equation 2. Let E be a matrix of eigenvectors in a given square ma-
trix eM and D be a diagonal matrix with the corresponding eigen values. As long 
as eM is a square matrix, eigen decomposition is processed in Equation 2. 
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1−= EDEeM  (2) 

After calculating the values of k in eigen decomposition, k is sorted from lowest to 
highest value based on eM. The values are arranged to a one dimensional array 
and prepare for calculating the fuzzy system for the fuzzy clustering. d(A,B) is the 
function to determine the distance from set A to B and calculated by subtracting 
kmax, which is the maximum value of k and kmin is the minimum value of k divided 
by the number of clusters c. The overlapping of the fuzzy set is determined by o 
and added to the length of the set shown in Equation 3. 
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The length of the fuzzy set is used to calculate the initial value of the minimum 
(Cmini), maximum (Cmaxi) and center (Cceni) value of each fuzzy set. Initial val-
ues are presented by the following: Cmini = kmin ,  Cmaxi = kmin + fuzzylength, and 
Cceni = kmin + (fuzzylength / 2). In next iterations, the values of each fuzzy set are 
the addition of previous value j (j=i-1) and fuzzylength / 2.  Also, every center of 
the group is initially set to ci = Cceni. The objective function of fuzzy clustering is 
presented in Equation 4, 
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where the membership function (mq
in) maps the fuzzy membership values from the 

fuzzy system initialized from Equation 4. Every time an update occurs in ci then 
the center of the fuzzy sets in the fuzzy system also adjusts where, Cceni= ci. 
These equations are used to determine the center of point of the cluster and center 
from the fuzzy system. After the generation of the fuzzy clustering structure, it is 
used to classify each object shown in Equation 5. 
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A threshold value controls the membership of an object presented by Φ and Φ < 1. 
The value depends on the domain of the system which needs more objects to clas-
sify. Equation 5 is the function to classify the objects. 

4   Load Distribution Based on Equal Proportions 

Most of the load balancing schemes for distributed objects uses an adaptive 
scheme [8, 2, 6] but do not tackle more on the optimal minimization of the load 
variation within the servers, especially considering different load capacities of 
computers to perform the task. This paper defines a load as the current object in 
process and the capacity of a server refers to the number of objects hosting the 
server. We assumed that the processing power of a server depends on the number 
of object processing requests. The more request processing in a server, the more it 
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uses its processing capacity. We propose the equally proportional load distribution 
(EPLD) which approximately distributes equally the loads based on the current 
loads and number of objects hosting by the server. The algorithm tries to propor-
tionate the number of idle objects and current loads to all servers. Whenever a re-
quest is occurred then the locator service determines which class it belongs and 
finds the appropriate object. After determining the class, it chooses the server that 
will bind its object to the request based on Equation 5. The selected servers (SS) 
are collected to N (SS=N) and process the incoming load in the proposed equally 
proportional load distribution. First, the procedure determines the mean load (μl) 
of each state which is the average of pn, a ratio of currently accessed objects (l) 
and total objects in a server (T) in Equation 7. 
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In calculating the mean in Equation 6, the incoming load is added to the selected n 
server represented by the function f(x) in Equation 7. The f(x) forwards the load to a 
server that has an index of n, else returns zero, and then the value of x is used in  
Equation 8. In every state in S, this procedure is done alternately to a server where n=i. 
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In Equation 9, represents a single state where it calculates the load variance all 
server. The smaller load variance means that the loads are well distributed and 
make sure that all servers are contributing in processing the task. The selection of 
minimum load variance is expressed in Equation 10. 

}),...,,(min{ 21 igetindexerverCandidateS σσσ=  (10) 

The candidate server selection in Equation 10 is the final procedure in the algo-
rithm which chooses the smallest load variance in S. After determining the candi-
date server, the procedure selects the object from the server. The agent forwards 
the object ID of the selected object to the client. If the selected object is currently 
accessed by clients, then the server chooses another object which is idle or less 
busy than the object currently chosen to forward the request. 

5   Experimental Evaluation 

Each object from the object groups are grouped by using the proposed grouping 
service. After the procedure, grouping service creates mobile agents and assigns 
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the fuzzy values and object information to mobile agents. The fuzzy membership 
of each objects are assigned to a group based on its properties. The object group-
ing schemes were evaluated by adding all objects members in each group.  
Equation 11 shows the calculation of object count in a cluster where ObjectCounti 
is incremented to 1 if the membership of the object is classified to class i. The 
crisp value of k-means is easily determined by comparing the Euclidean distance 
of the object properties to each cluster centers represented by di=|ci - x|. The class i 
that have the smallest di is chosen group and ObjectCounti incremented. In the 
proposed scalable grouping, the objects can also be classified to other classes. 
Unlike in k-means, a crisp separation from the clusters limits the scalability of ob-
jects to be classified to other classes. Using the proposed scalable grouping, Ob-
jectCounti is incremented to 1, if mi(xk) > Φ and an object can belong to another 
class. 

∑ =
= K

k kii xmtObjectCoun
1

)(  (11) 

We determine the performance of the proposed EPLD to other previous works [3, 10] 
by calculating the variance of the load distribution in Equation 12 where X is the pro-
portion of the current load and number of objects of the servers and M is the mean 
load proportions. In the other works like in [3] discuss on considering the load vari-
ance but not having the minimization of load variance. The study only used a certain 
threshold to compare to the load variance and switch the mechanism whereas our 
proposed load distribution tackles the issue of the minimal load variation. 
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5.1   Simulation Result 

In our simulation, a synthetic data was used to compare the performance of the 
proposed scalable grouping and other methods. A standard distribution of generat-
ing random data, which contains 5 attributes and 150 tuples were done, and then 
make these data as object properties. To perform the online simulation of the pro-
posed algorithm, the properties of each object contained pattern from the synthetic 
data. All objects were classified through the grouping procedure based on the 
properties. Simulation result from Equation 11 is shown in Table 1. In the pro-
posed scalable grouping, the object can have several memberships depending on 
the threshold (Ф) specified while in k-means, objects were grouped only in one 
class which has a crisp membership. Setting up a small threshold means that more 
objects are classified. Fuzzy clustering provides more objects and these objects are 
used as object replicas for providing scalability of the system while in k-means, 
the objects are classified only in a single group and cannot share its functionality 
to other groups. 

The scalability of objects using the function is used to distribute the loads pro-
portionally within the server. We used three servers with the following number of 
objects; A=50, B=62 and C=38. The objects generated were distributed to the 
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Table 1 Membership count of objects in each group using fuzzy clustering with Ф (0.05, 
0.1, 0.15, 0.2) and k-means 

neuro-fuzzy clustering k-means Groups 

 Ф1=0.05 Ф2 =0.1 Ф3 =0.15Ф4 =0.2  

Class 1 62 59 59 54 50 

Class 2 75 74 70 69 62 

Class 3 77 75 72 71 38 

Total 214 208 201 194 150 

servers and process the scalable grouping. After the grouping, the accessing of ob-
jects by clients was simulated and the load balancing service executes the EPLD 
to distribute the loads. The result of simulation using Equation 12 is shown in Ta-
ble 2 where the variance of the current load and idle objects is calculated. The re-
sult of using the EPLD provides a smaller load variation through the servers with a 
value of 0.00875 on current load compared to classical minimal dispersion or least 
loaded server scheme with a value of 0.1378 on current load. 

Table 2 Variation of load distribution within the servers using EPLD and LL 

C: A=50; B=62; 38, l: A=50; B=30; C=20 

Server EPLD  LL 

 Current loads Idle objects Current loads Idle objects

A 33 17 34 16 

B 42 20 33 29 

C 25 13 33 5 

σ 0.00875 0.00875 0.1378 0.1376  

The result of from Table 1 provide a scalable classification of objects while in 
Table 2 shows that the scalable grouping contributes on the minimization of the 
load variance within the system . 

6   Conclusions and Future Work 

The integration of the knowledge-based model to the system contributes on pro-
viding accurate services and acquires system optimal performance. In this paper, a 
scalable grouping for distributed object based on fuzzy clustering and optimal load 
distribution based on the proposed EPLD are presented. The grouping service 
handles the object grouping based on fuzzy clustering which determines the fuzzy 
membership of each object and the locator service implements the intelligent 
search for appropriate object. The fuzzy clustering uses the fuzzy system which is 
initialized by sorting the data based on eigen decomposition and creating the fuzzy 
set and fuzzy rules. In the goal of providing the minimal load variation, the EPLD 
which is implemented by the load balancing service is proposed. Before the client 
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accesses the appropriate object, the load balancing service executes the EPLD 
which selects the server to forward the request which have the minimal load varia-
tion. Simulation showed more object classified using the proposed scalable group-
ing in each group. The scalable grouping using different thresholds was compared 
to k-means and shows that an averaging of 36% more objects can be used by the 
system. The load variance was also simulated from EPLD which is significantly 
smaller (0.00875) compared to minimal dispersion scheme or least load scheme 
(0.1378). The future work is to implement the knowledge-based object grouping 
to a specific application to generate real data and adjust the algorithm for desired 
results. 
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Multilevel Image Segmentation Using
OptiMUSIG Activation Function with Fixed and
Variable Thresholding: A Comparative Study

Sourav De, Siddhartha Bhattacharyya, and Paramartha Dutta

Abstract. An optimized multilevel sigmoidal (OptiMUSIG) activation function for
segmentation of multilevel images is presented. The OptiMUSIG activation func-
tion is generated from the optimized class boundaries of input images. Results of
application of the function with fixed and variable thresholding mechanisms are
demonstrated on two real life images. The proposed OptiMUSIG activation func-
tion is found to outperform the conventional MUSIG activation function using both
fixed and variable thresholds.

1 Introduction

Image segmentation involves classification and clustering of image data based on
shape, color, position, texture and homogeneity of image regions. It finds applications
in satellite image processing, surveillance and astronomical applications.

Several classical methods of image segmentation are reported in the litera-
ture [5, 9, 20]. Guo et al. [10] proposed an unsupervised stochastic model based
segmentation approach. In this method, relevant parameter estimation is made on
the basis of Bayesian learning. Subsequently, a competitive power-value based ap-
proach is used to segment the images into different classes. Malik et al. [14] treated
image segmentation as a graph partitioning problem. A graph theoretic framework
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of normalized cuts is used to divide the image into regions with coherent texture
and brightness. A pyramidal image segmentation technique with the fuzzy c-means
clustering algorithm is reported in [16]. In this method, a root labeling technique is
applied to divide each layer of a pyramid into a number of regions for merging the
regions of each layer with the highest resolution. The minimum number of regions
is automatically determined by a cluster validity function.

Neural networks [18] have been applied for clustering of similar data by selection
and assignment of underlying prototypes to a pattern based on its distance from the
prototype and the data distribution. In this approach, the number of clusters are de-
termined automatically. Segmentation by a self-organizing neural network (SONN)
is presented in [13]. The proposed approach is based on the orientation of textures
within the images. Multi modal image segmentation has been carried out by an
improved Hopfield’s neural network [17]. Kohonen’s self-organizing feature map
(SOFM) [12] is a competitive neural network which enables preservation of impor-
tant topological information through an unsupervised learning process. SOFM has
been used for pixel-based segmentation of images [1]. In this method, each pixel is
initially assigned to a scaled family of differential geometrical invariant features. In-
put pixels are then clustered into different regions using SOFM. Alirezaie et al. [2]
proposed an unsupervised segmentation technique for magnetic resonance images
(MRI) using SOFM. The multilayer self organizing neural network (MLSONN) [7]
is a feedforward architecture, suitable for the extraction of binary objects from noisy
and blurred image scenes. MLSONN works in a self supervised manner based on
pixel neighborhood information. Since this network uses the generalized bilevel sig-
moidal activation function, it is incapable of segmenting multilevel images.

Bhattacharyya et al. [6] introduced a multilevel sigmoidal (MUSIG) activation
function for effecting multilevel image segmentation by an MLSONN architecture.
The different transition levels of the MUSIG activation function are determined by
the number of gray scale objects and the representative gray scale intensity levels.
However, the function resorts to a single fixed point thresholding mechanism as-
suming equal and homogeneous responses from all the representative levels of gray.
In reality however, images exhibit a varied amount of heterogeneity.

Genetic algorithms (GAs) [8] have been resorted to for achieving optimized im-
age segmentation solutions. In [4], a set of hyperplanes is generated to classify pat-
terns based on genetic algorithm. Mean square error (MSE) estimation techniques
have been used to segment an image into regions [11]. The optimized error estima-
tion criterion is dependent on the shape and location of the underlying regions. Yu
et al. [19] introduced an image segmentation method using GA combined with mor-
phological operations. In this method, morphological operations are used to generate
the new generations of GA. A score of GA based image segmentation approaches
are available in [3, 15].

In this article, genetic algorithm is applied to generate the optimized class bound-
aries of a multilevel sigmoidal activation function to be used for segmentation of
gray scale images into different classes. The proposed optimized multilevel sig-
moidal activation (OptiMUSIG) function is generated by these dynamically gen-
erated class boundaries with fixed threshold. In addition, a variable thresholding



Multilevel Image Segmentation 55

mechanism is also incorporated in the OptiMUSIG function through these dynam-
ically generated class boundaries. The multilevel images are segmented into multi-
ple scales of gray by using a single MLSONN architecture, characterized by the
designed fixed and variable threshold based OptiMUSIG activation function. A
comparative study of the thresholding mechanisms with the heuristically generated
multilevel sigmoidal activation function and the proposed optimized counterpart, is
illustrated using two real life multilevel images. The standard correlation coefficient
between the original and the segmented images is used as a figure of merit. Results
show that the OptiMUSIG function outperforms the conventional MUSIG activation
function for both fixed and variable thresholding mechanisms.

2 Multilayer Self-Organizing Neural Network (MLSONN)

The multilayer self organizing neural network (MLSONN) [7] is a feedforward net-
work architecture characterized by a neighborhood topology-based network inter-
connectivity. It consists of an input layer, any number of hidden layers and an output
layer. The network operates in a self supervised mode featuring backpropagation of
errors. The output layer neurons are connected with the input layer neurons on a one-
to-one basis. The system errors are calculated from the linear indices of fuzziness [7]
in the network outputs obtained. The processing neurons of the MLSONN architec-
ture are activated by the standard bilevel sigmoidal activation function, given by

y = f (x) =
1

1 + e−λ (x−θ)
(1)

where, λ decides the slope of the function and θ is a fixed threshold/bias value. A
detailed analysis of the architecture and operation of the MLSONN architecture can
be found in [7].

3 Optimized Multilevel Sigmoidal (OptiMUSIG) Activation
Function

The MLSONN architecture characterized by the standard sigmoidal activation func-
tion, is able to map the input image into two levels, one darkest (0) level and one
brightest (1) level of gray. In order to segment multilevel images, the MLSONN
architecture resorts to a multilevel extension (MUSIG) of the bilevel sigmoidal ac-
tivation function [6]. The MUSIG activation function is given by [6]

fMUSIG(x;αβ ,cβ ) =
K−1

∑
β=1

1

αβ + e−λ [x−(β−1)cβ−θ ] (2)

where, αβ represents the multilevel class responses and is denoted as
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αβ =
CN

cβ − cβ−1
(3)

Here, β represents the gray scale object index (1 ≤ β < K) and K is the number
of classes in the segmented image. The αβ parameter determines the number of
transition levels/lobes in the resulting MUSIG function. CN is the maximum fuzzy
membership of the gray scale contribution of pixel neighborhood geometry. cβ and
cβ−1 represent the gray scale contributions of the β th and (β − 1)th classes, re-
spectively. The parameter(θ), used in the MUSIG activation function, is fixed and
uniform.

The class boundaries used by the MUSIG activation function are selected
heuristically from the gray scale histogram of the input images, assum-
ing the homogeneity of the underlying image information. This means
that the image context information does not get reflected in the segmen-
tation procedure. However, in real life images, the image information is
heterogeneous in nature, thereby implying that the class boundaries (as
well as the class responses) would differ from one image to another. This
heterogeneity can be incorporated into the MUSIG activation function by
generating optimized class boundaries from the image context.

An optimized form of the MUSIG activation function, applying such optimized
class boundaries, can be represented as

fOptiMUSIG(x;αβopt ,cβopt) =
K−1

∑
β=1

1

αβopt + e
−λ [x−(β−1)cβopt

−θ ]
(4)

where, cβopt are the optimized gray scale contributions corresponding to optimized

class boundaries. αβopt are the respective optimized multilevel class responses. In

the expression of the OptiMUSIG activation function given in Eq. 4, the threshold
value (θ) is fixed and is not dependent on the class boundaries. A variable threshold
parameter, θvaropt depending on the optimized class boundaries can be incorpo-

rated into the OptiMUSIG activation function as

fOptiMUSIG(x;αβopt ,cβopt) =
K−1

∑
β=1

1

αβopt + e
−λ [x−(β−1)cβopt

−θvaropt
]

(5)

where, θvaropt is represented as

θvaropt = cβopt−1 +
cβopt − cβopt−1

2
(6)
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Similarly, a variable threshold θvar can be computed from the heuristic class bound-
aries for the conventional MUSIG activation function given in Eq. 2, which is given
as

θvar = cβ−1 +
cβ − cβ−1

2
(7)

An OptiMUSIG activation function generated for K = 8 with optimized class re-
sponses and fixed threshold is shown in Fig. 1(a). Fig. 1(b) shows the designed
variable threshold based OptiMUSIG activation function for K = 8.

Fig. 1 OptiMUSIG activation function using optimized class responses (a) with fixed thresh-
old (b) with variable threshold

Since the MLSONN architecture operates in a self-supervised manner, the system
errors are computed using the subnormal linear indices of fuzziness [6].

4 Principle of MLSONN Based Optimized Multilevel Image
Segmentation

The objective of optimized multilevel image segmentation has been achieved in the
following three phases.

1. Optimized class generation: This phase marks the generation of the optimized
class boundaries for a particular image. The number of classes (K) and the pixel
intensity levels are used in this GA based optimized procedure characterized by
a single point crossover operation.

2. OptiMUSIG function generation: This phase marks the generation of the op-
timized form of the MUSIG activation function. The requisite αβopt parameters

are derived from the corresponding optimized cβopt parameters (obtained in the

previous phase) using Eq. 3. These αβopt parameters are further employed to

obtain the different transition levels of the OptiMUSIG activation function.
3. MLSONN based multilevel image segmentation: In this final phase, real life

multilevel images are segmented using an MLSONN architecture guided by the
designed OptiMUSIG activation function with fixed and variable thresholds.

The entire procedure of multilevel image segmentation can be best illustrated by the
following algorithm.
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1 Begin

Optimized class generation phase

2 iter:=0

3 Initialize Pop[iter]

Remark: Pop[iter] is the initial population of class boundaries cbounds.

4 Compute F(Pop[iter])

Remark: F is the fitness function (correlation).

5 Do

6 iter:=iter+1

7 Select Pop[iter]

Remark: Selection of better fit chromosomes.

8 Crossover Pop[iter]

Remark: GA crossover operation.

9 Mutate Pop[iter]

Remark: GA mutation operation.

10 Loop Until (F(Pop[iter])-F(pop[iter-1])<=eps)

Remark: eps is the tolerable error.

OptiMUSIG function generation phase

11 Generate OptiMUSIG

Remark: Optimized MUSIG activation is formed with optimized cbounds.

MLSONN based Multilevel image segmentation phase

12 Segment input image with OptiMUSIG and MLSONN

Remark: MLSONN architecture is applied to segment input images using the Opti-
MUSIG activation function.

13 End

5 Results

Applications of the proposed approach using the OptiMUSIG activation with fixed
and variable thresholding mechanisms, have been demonstrated on an 8-class seg-
mentation of multilevel Lena and Baboon images of dimensions 256×256. A value
of θ = 2 has been used for the fixed thresholding process. A value of λ = 4 is
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Table 1 Optimized class boundaries for two multilevel images

Lena Baboon
Level Set 1 Set 2 Set 3 Set 4 Set 1 Set 2 Set 3 Set 4

1 0 0 0 0 0 0 0 0
2 28 36 38 35 40 68 73 62
3 60 69 70 68 78 91 110 88
4 109 101 107 110 114 112 133 121
5 143 127 129 150 140 141 153 139
6 179 152 152 177 164 169 177 164
7 226 191 199 216 191 190 192 196
8 255 255 255 255 255 255 255 255

used for the slope parameter. The four sets of optimized class boundaries derived
from the genetic algorithm based optimization procedure, are shown in Table 1. The
segmented multilevel images obtained by the variable and fixed threshold based Op-
tiMUSIG activation function with optimized class responses pertaining to the first
set of Table 1, are shown in Fig. 2.

Fig. 2 8-class segmented test images using OptiMUSIG activation function (a)(b) with vari-
able threshold (c)(d) with fixed threshold
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Table 2 Fixed class boundaries of two multilevel images and the corresponding ρ

Image Threshold L1 L2 L3 L4 L5 L6 L7 L8 ρ

Lena θvar 0 30 60 85 160 190 223 255 0.9042
θ 0 28 56 110 140 180 225 255 0.8889

Baboon θvar 0 33 67 95 124 182 220 255 0.8189
θ 0 25 95 120 140 175 215 255 0.8033

The performance of the OptiMUSIG activation function has been further
compared with the standard MUSIG activation function with fixed and variable
thresholding mechanisms for the self-sufficiency of the treatment. The fixed class
boundaries {L1,L2,L3,L3,L4,L5,L6,L7,L8} applied for the MUSIG activation func-
tion, are shown in the Table 2. The corresponding segmented multilevel images
obtained by the MUSIG activation function with variable and fixed thresholding
mechanisms are shown in Fig. 3.

Fig. 3 8-class segmented test images using fixed threshold based MUSIG activation function
with fixed class responses (a) Lena image (b) Baboon image
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5.1 Performance Evaluation of OptiMUSIG Activation Function

The standard measures of correlation (ρ) between the original and segmented mul-
tilevel images have been used as the figure of merit for the segmentation process.
The ρ values obtained by variable and fixed threshold based OptiMUSIG guided
segmentation for different sets of optimized class boundaries, are shown in Table 3.
The corresponding ρ values for MUSIG based segmentation with variable and fixed
thresholding mechanisms are shown in Table 2 (9th column).

It is evident from Tables 2 and 3 that the OptiMUSIG activation function out-
performs its conventional counterpart irrespective of the thresholding mechanism
employed.

Table 3 Correlation coefficients (ρ) using OptiMUSIG activation function with variable and
fixed thresholding

Threshold Lena Baboon
Set 1 Set 2 Set 3 Set 4 Set 1 Set 2 Set 3 Set 4

θvaropt 0.9500 0.9602 0.9545 0.9466 0.9358 0.9239 0.9314 0.9206

θ 0.9311 0.9008 0.9265 0.9347 0.9144 0.9113 0.9102 0.8841

6 Discussions and Conclusion

A novel approach for multilevel image segmentation using an MLSONN architec-
ture guided by an optimized MUSIG (OptiMUSIG) activation function with fixed
and variable threshold values, is presented in this article. The OptiMUSIG activa-
tion function is designed based on optimized class boundaries of input multilevel
images. Better segmentation is achieved by the proposed activation as compared
with a heuristically designed one. The authors are currently engaged in applying the
proposed approach for segmentation of true color images.
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Artificial Neural Networks Modeling to Reduce 
Industrial Air Pollution 

Zvi Boger* 

Abstract. Nitric acid production plants emit small amounts of nitrogen oxides 
(NOx) to the environment. As the regulatory authorities demand the reduction of 
the resulting air pollution, existing plants are looking for economical ways to 
comply with this demand. Several Artificial Neural Networks (ANN) models were 
trained from several months of operating plant data to predict the NOx concentra-
tion in the tail gas, and their total amount emitted the environment. The training of 
the ANN model was done by the Guterman-Boger algorithm set that generates a 
non-random initial connection weights, suggests a small number of hidden neu-
rons, avoids, and escapes from, local minima encountered during the training. The 
ANN models gave small errors, 0.6% relative error on the NOx concentration pre-
diction and 0.006 kg/hour on daily emission in the 20-45 kg NOx/hour range.  
Knowledge extraction from the trained ANN models revealed the underlying rela-
tionships between the plant operating variables and the NOx emission rate, espe-
cially the beneficial effect of cooling the absorbed gas and reticulating liquids  
in the absorption towers. Clustering the data by the patterns of the hidden neurons 
outputs of auto-associative ANN models of the same data revealed interesting  
insights.  

1   Introduction 

Nitric acid production plants emit small amounts of nitrogen oxides (NOx) to the 
environment. As the regulatory authorities demand the reduction of the resulting 
air pollution, existing plants are looking for economical ways to comply with this 
demand. One way is to find out if there is a potential to optimize the current oper-
ating policies, by creating a model of the plant operation relationship with the 
NOx emmission. The suggested use of artificial neural networks (ANN) modeling 
techniques in industrial plants, in which the model is learned from data of the 
plant behavior, often arouses strong emotions. ”No complicated equations! No 
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man-years of development effort!” cheer the proponents. “No detailed equations? 
No reliability!” counter the opponents. 

Even so, the use of ANN modeling in industrial plants is spreading, as other 
modeling methods are costly, both in resources and time, to fully meets the re-
quirements of fault diagnosis or plant operation optimization. 

“Soft sensor” is the accepted name for ANN model (or other model) that esti-
mates the value of a plant variable based on other plant measurements. Such sen-
sor, estimating the C5 impurity at the top of a distillation tower is described in [1]. 
Refinary NOx emission modeled by an ANN is described in a recent paper [2].   

An often-cited opposition to the use of ANN modeling in industrial diagnostics 
is the lack of “explanation” facility, the ability of the operator to understand the 
basis of the ANN recommendations. This paper shows that the “black-box” image 
of ANN model is misleading, and the trained ANN model can be analyzed to cor-
rectly explain the relationships between the plant operating variables and the NOx 
emission rate. 

The structure of the paper is as follows: A brief description of the nitric acid 
plant, a review of the Guterman-Boger algorithms for large-scale ANN modeling, 
the Causal Index (CI) method of analyzing trained ANN, and the use of the hidden 
neurons’ output values as clustering tool.  Because of non-disclosure agreements, 
the exact details of the plant are withheld.  

2   A Brief Description of the Nitric Acid Plant 

The structure of the nitric acid plant is formed from two major units – a reactor in 
which ammonia gas is reacted with compressed air, resulting in the formation of ni-
trogen dioxide NO2. The resulting high-temperature gaseous stream, that contain 
also the nitrogen, is used to make steam, and then is cooled before the second major 
unit, the absorption of the NO2 by water in two absorption towers. As the reaction 
of the NO2 with water results in some formation of nitrogen oxide, NO, that is not 
absorbed by water; additional air is fed to the first absorption tower to re-oxidize 
the NO to the absorbable NO2. The equations governing the gas reactions and ab-
sorption are described in [3]. The gas exiting from the second absorption tower is 
sent to an expander, to utilize the high pressure, and then to the plant stack. 

The allowed limit of the mixed nitrogen oxide species, NOx, in the “tail gas” 
was 400 ppm, and the plant was required to meet a reduced limit of 200 ppm. An 
additional reactor was needed to achieve this NOx concentration reduction, at 
great expense. Before deciding on this reactor, the plant management engaged the 
author to develop a model of the plant behavior, to find if changes in the plant op-
erating variables would be able to achieve the required NOx emission reduction. 

The chief plant operating engineer provided a database of 40 plant instrument 
measurements, saved every 5 minutes by the process computer, during the preced-
ing six months. Included in this database was the measured NOx concentration in 
the tail gas that was to be the output of the ANN model. 
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3   A Short Overview of Artificial Neural Networks Modeling 

An ANN model is trained by learning from known examples. A network of two 
layers of simple mathematical “neurons” is connected by weights. Data inputs are 
connected to the neurons in the first layer (called “hidden” neurons), which are 
connected in turn to the second layer of “output” neurons. Adjusting the values of 
the weights between the “neurons” during the training of the ANN is done by 
“back-propagation” of the errors between the output neurons and the known data 
outputs. Once the ANN is trained, it is verified by presenting examples not used in 
the training. The ANN may then be used to generate model outputs from the new 
examples presented to it. More information can be found in many books, such as 
[4] and journal articles, and in a review of the ANN literature, which is published 
in the comp.ai.neural-nets discussion group [5].   

There are several obstacles in applying ANN to systems containing a large 
number of inputs and outputs. Most ANN training algorithms need thousands of 
repeated presentations (“epochs”) of the training examples to finally achieve small 
modeling errors. Large ANN models tend to get stuck in local minima during the 
training. As most ANN training starts from random initial connection weight sets, 
and the number of neurons in the hidden layer are usually determined by heuristic 
rules, many re-training trials are needed to achieve good models. The Guterman-
Boger (GB) training algorithm set [6] can easily train large scale ANN models, as 
it starts from non-random initial connection weights, obtained by the assumption 
that the inputs and outputs of the training data set are linearly related. The number 
of major PCA dimensions in the data recommends the number of hidden neurons 
(typically five), and the ANN is trained by the conjugate gradient method [7] with 
algorithms that avoid, and escape, local minima. It was found that even ANN with 
thousands of features could be trained in a matter of few hours on modern PC 
computers, even when the GB algorithm set is operating in the interactive 
MATLAB environment [8]. One of the algorithm set allows the identification of 
the more relevant features, and previous experience showed that a reduced dimen-
sional ANN model is giving better results [9]. In this case, the number of features 
was small, 39, and the trained ANN gave good results, and thus no feature reduc-
tion was made.  

Once a trained ANN is available, it can be analyzed for knowledge extraction. 
A causal index (CI) algorithm was proposed in [10] and found to be very useful in 
relating each input change influence on the relative magnitude and sign changes of 
each output [11]. The causal index method is an easily, somewhat qualitatively, 
method for rule extraction. The CI is calculated as the sum of the product of all 
“pathways” between each input to each output,  

                                                                                          h 

CI = ΣWkj* Wji           (1) 
                                                                                        

j = 1  

where there are h hidden neurons, Wkj are the connection weights from hidden 
neuron j to output k, Wji are the connection weights between input i to hidden  
neuron j.  
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Examining the CI for each output as a function of the inputs' number reveals 
the direction (positive or negative) and the relative magnitude of the relationship 
of the inputs on the particular output. Although somewhat heuristic, it is more re-
liable than local sensitivity checks. Their advantage is that they do not depend on 
a particular input vector, but on the connection weight set that represents all the 
training input vectors. This is also one of their limitations, as a local situation may 
be lost in the global representation. 

Another useful analysis is to identify clusters in the data, is by training an un-
supervised auto-associative ANN (AA-ANN), in which the features as presented 
both as inputs and outputs to the ANN.  As there is no direct connections between 
the inputs and the outputs of the AA-ANN, and if the deviation between the real 
input feature vectors and the “predicted” input features is small, it means that the 
“binary” hidden neurons outputs are representing the essential information in the 
dataset in order to generate the correct outputs of the ANN model. It was found 
[11] that in a well-trained ANN, the hidden neurons’ output values tend to be 
close to either one or zero. Thus they can be rounded into binary patterns, giving a 
maximum of 2h possible classes, if h is the number of hidden neurons. These “bi-
nary” values generate the minimum entropy (or the maximum information con-
tent) [12]. Thus, all data examples that generate the same hidden neurons output 
pattern are likely to belong to the same cluster. The values of features of each 
cluster are averaged and then divided by the average of the feature values of the 
full dataset. Feature ratios that are significantly different from unity are those that 
make each cluster distinct from other clusters. More information on the use of 
these techniques in industrial settings can be found in references [13,14]. 

4   ANN Model Training and Analyzing 

The saved database, at 5 minutes interval collected in the January-July 2005 pe-
riod, was cleaned by eliminating periods in which the plant operated at less than 
100% capacity, or when alternative experimental operating policies were tried. In 
some cases when a process variable is measured by duplicate sensors, their read-
ings were combined by averaging. The data were preprocessed by zero centering 
(subtracting the mean of each feature) and unit scaling (dividing by the standard 
deviation of each feature). The outputs of the ANN (and AA-ANN) models were 
further re-scaled into the [0.1 – 0.9] range. The two numbers of hidden neurons 
were selected, five and six, and the five hidden neurons model was found to give 
smaller modeling error.  

Initially, the ANN model was trained with the 5 minute data to predict the NOx 
concentration. When it was found by the subsequent trained model analysis that 
the gas absorption temperature is one of the more important operating parameter 
affecting the NOx emission, an ANN model based on the daily averages was 
trained, thus eliminating the diurnal temperature change effect. 

The 5 minute NOx concentration at the stack modeling results are shown in 
Figure 1. It can be seen that the mean average error between the actual measure-
ments and the ANN model is 0.6%, with a standard deviation of 6.7%. 
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Fig. 1 ANN modeling of the 5 minute data. Mean relative error 0.6%, standard deviation 
6.7%.Y scale - NOx concentration (ppm), Blue trace - measurements, Red trace ANN 
model output. X scale – sample number 

The daily average ANN model was trained to give the total NOx emission, and 
the results are shown in Figure 2. The mean model error is 0.006 Kg/Hr NOx, with 
a standard deviation of 0.61 Kg/Hr.  

The daily ANN model was analyzed by the Causal Index method. It was found 
that the NOx amount sent to the stack was positively dependant both on the reac-
tor reactant flows, and the absorption tower temperatures. Both relationships are 
consistent with chemical engineering considerations. Some unexpected findings 
were found by the Causal Index values, but the reasons for these findings are ex-
plained in the Discussion section. 

AA-ANN was then trained from the 5 minute data, presenting the pre-
processed plant features (without the NOx measurements) both as inputs and out-
puts, again with five hidden neurons. After the training, the hidden neurons’  
outputs were rounded to one or zero, and the all data that had the same “binary”  
pattern were grouped into clusters.    

When the full dataset was used to train the AA-ANN, 28 such clusters were 
identified, and the feature ratios results of the 22 clusters with non-trivial number 
of examples are shown in Table 1. 

Some clusters (# 6, 8, 12, 13, 17, 27) have lower NOx emission amounts than 
the average NOx emission amount, and the identification of the feature ratios that 
are much smaller (or higher) then unity may explain these results. What was more  
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Fig. 2 ANN modeling of the daily average data of total NOx emission. X scale –day num-
ber, Y scale – Total NOx emission (Kg/Hr), Blue trace - measurements, Red dot - ANN 
model output, Green trace (bottom) - model-plant deviation (Kg/Hr) 

Table 1 Feature ratios of the less polluting clusters 

cluster # 6 8 12 13 17 27 

# in cluster 1429 1374 1103 751 1627 105 

KgNOx/hr 21.23 23.71 17.89 21.18 20.04 20.16 

NFT1105 0.93 0.95 0.93 0.99 1.02 1.02 

NFT1104 0.93 0.95 0.93 0.99 1.02 1.02 

NFT1103 0.94 0.96 0.94 1.00 1.03 1.02 

NFT1102 0.94 0.96 0.94 0.99 1.03 1.02 

NTT1113 1.00 1.01 1.00 1.00 1.01 1.01 

NTT1112 1.00 1.01 1.00 1.00 1.01 1.00 

NT110050 0.99 1.00 0.99 1.00 0.99 0.98 

NTT11007 0.99 1.00 0.99 1.00 0.99 0.99 

NT110018 0.97 0.98 0.98 0.99 1.02 1.02 

N2RATIO2 0.97 0.97 0.98 0.97 0.97 0.96 

N2RATIO3 1.01 1.01 1.02 1.01 1.01 1.00 

NTT11009 0.95 0.97 0.95 0.98 1.02 1.05 

NFT1205 0.93 0.94 0.92 0.99 1.03 1.04 
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Table 1 (continued) 

NTT1206 0.93 0.98 0.97 0.96 1.03 1.08 

NT110010 0.93 0.98 0.96 0.98 1.02 1.05 

NT110012 0.90 0.93 0.92 0.96 1.03 1.09 

NT110011 0.90 0.93 0.92 0.96 1.03 1.09 

NT110020 0.90 0.92 0.91 0.95 1.04 1.13 

NFT1255 0.83 0.94 0.71 0.88 0.65 0.67 

NPT1252 0.98 1.03 0.97 0.99 1.00 0.99 

NTT1253 0.88 0.90 0.92 0.96 1.08 1.17 

NPDT1250 1.00 0.87 0.94 1.09 0.96 0.97 

NDPX1107 0.92 0.94 0.92 1.00 1.09 1.14 

NAT1133 0.89 0.80 0.87 0.84 1.06 1.08 

NAT1130 0.89 0.96 0.89 1.00 1.02 1.21 

NTT1262 0.87 0.89 0.93 0.98 1.11 -0.52 

NLT1258 1.04 1.04 1.03 1.00 1.01 1.03 

NLT1208 1.03 1.03 1.03 1.03 1.06 1.21 

NTT11004 0.87 0.89 0.94 0.98 1.11 1.08 

NT110017 0.93 0.95 0.97 0.99 1.05 1.00 

NTT11005 0.99 0.99 0.99 1.00 1.00 1.00 

NTT701 0.99 0.99 0.99 1.00 1.00 1.03 

NTT702 1.05 1.01 1.05 1.03 1.00 1.03 

NT110046 1.03 0.97 1.03 1.04 1.01 1.00 

NPT603 0.97 1.02 0.97 0.99 1.01 1.02 

NFT1215A 0.93 0.95 0.93 0.99 1.02 1.02 

NPT1101 0.98 0.96 0.95 1.03 1.01 0.98 

NFT1206 0.95 0.94 0.95 1.01 1.00 0.68 

N2NOX 0.72 0.80 0.61 0.72 0.68 0.68 

surprising was the fact that some of the examples in these clusters are contiguous 
in time, very close to the duration of a complete shift (that is morning, afternoon 
or night shift). This raises the possibility that some shift managers are more effi-
cient in running the plant and thus reducing the NOx emission. 

5   Discussion 

Reviewing the ANN modeling analysis revealed a major lack of information in the 
plant data collection scheme – no information on the control loop set points  
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values. These are changed by the shift managers, responding to plant upsets or 
transients. As these changes are not recorded, some cause and effects may be mis-
understood. For instance, if the NOx absorption is seems insufficient, the set point 
of the absorbing water is increased. Subsequent analysis will relate high NOx 
emission with increased absorption water flow. Thus the daily feature averages is 
much reliable than 5 minute data. 

If the control loop set points changes were available, the insight and experience 
of the better shift managers may be learned and incorporated in the computer con-
trol scheme, or at least known to the less experienced shift managers. 

The major finding of the ANN modeling, that reducing the absorption tower 
operating temperature, was not helpful to solve the NOx emission issue, because 
the cooling water supply was outside the control of the plant management. Even-
tually, another NOx reducing technique was successfully adopted.  

6   Conclusions 

The ANN modeling of the nitric acid production plant predicted the NOx emission 
amounts and concentration in the tail gas with small errors. The analysis of the 
ANN and AA-ANN models revealed some known, and some previously unknown, 
relationships in the plant operation. 

The ANN models trained from daily plant feature averages proved more infor-
mative than the 5 minute data, although it may be the results of the importance of 
the diurnal temperature changes in this plant. 

The inclusion of the control loop set points in the plant database may provide 
more information for future analysis that will improve the operational knowledge 
for better efficiency. 
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Wavelet Neural Network as a Multivariate Processing 
Tool in Electronic Tongues 

Juan Manuel Gutiérrez, Laura Moreno-Barón, Lorenzo Leija,  
Roberto Muñoz, and Manel del Valle* 

Abstract. Electronic tongues are bioinspired systems that employ an array of sen-
sors for analysis, recognition or identification of chemical species in liquids. This 
work presents the use of a Wavelet Neural Network (WNN) with multiple outputs 
to model a multianalyte quantification from a highly complex sensor signal. In this 
case, WNN accomplishes data reduction, feature extraction and modeling. WNN 
is implemented with a feedforward multilayer perceptron architecture, whose acti-
vation functions in its hidden layer neurons are wavelet functions, in our case, the 
first derivative of a Gaussian function. The neural network is trained using a back-
propagation algorithm, adjusting the connection weights along with the wavelet 
parameters. The principle is applied to the simultaneous quantification of heavy 
metals present in a solution. Lead, Cadmium and Copper were therefore accu-
rately determined in the 0.01-0.1ppm range in presence of Thallium and Indium 
with no need elimination of dissolved oxygen, as it is normally required in the 
standard chemical laboratory. 

1   Introduction 

Bioinspired technologies were developed to mimic the physiology of the  
mammal’s senses in the design of analytical systems. Artificial vision, speech rec-
ognition, smell and taste, are just few examples in which the different areas of 
knowledge are working, in order to emulate the human abilities for linking the en-
vironmental characteristics to its corresponding conceptual sense. The basic foun-
dation of these systems is the use of arrays of generic sensors, which offer low  
selectivity, and thus respond to most components contained in a sample. An elec-
tronic tongue is a chemical system that employs electrochemical sensors plus a 
chemometric processing tool, needed to decode the multivariate information  
present in the signal and interpret it in a consistent manner. 
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In the case presented here, sensors are of voltammetric nature, i.e. those that 
generate a signal, a voltammogram, according to the existence of electrochemical 
reactions at a properly polarized electrode. In voltammetic electronic tongues, 
then, the nature of the signals involves the recording of currents generated for a 
scan of polarization potentials, using of a pair of electrodes. Voltammetric signals 
contain hundreds of readings and usually show overlapping regions with non-
stationary characteristics [1], since all components in the solution are electro-
chemically active at a specific potential, and all them contribute to the current 
measure. Resolution and quantification of overlapping peaks in these records is a 
difficult task in electroanalysis [2]. 

Artificial Neural Network (ANN) is a powerful processing tool which has been 
used in electronic tongues. Processing voltammetric signals with ANN requires 
some kind of preprocessing stage for data reduction such as Principal Component 
Analysis (PCA), Discrete Fourier Transform (DFT) or Wavelet Transform (WT) 
in order to gain advantages in training time, to avoid redundancy in input data and 
to obtain a model with better generalization ability. This fact is mainly due to the 
extreme complexity and high dimension of these signals. 

An innovative concept on ANN emerged in the last years known as Wavelet 
Neural Network (WNN) [3]. These networks have the main feature that the trans-
fer function in neurons of the hidden layer is a mother wavelet. WNNs allow the 
feature extraction of the sensor signals while creating a multivariate calibration 
model, all in a single step, becoming an innovative chemometrics tool [1]. 

Cyclic Voltammetry (CV) has commonly been a qualitative technique in chem-
istry. However recent publications are introducing it coupled to chemometric 
techniques in order to quantify or semi-quantify the analytes of interest in a multi-
variate calibration approach [4-6]. 

This work develops a processing strategy that employs WNN to build multi-
variate models that describe the complexity of cyclic voltammograms, highly 
overlapped, in order to quantify properly five heavy metals (lead, copper, cad-
mium, thallium and indium) present in a solution. 

2    Theory 

The idea of combining wavelets with neural networks resulted in a successful syn-
thesis of theories that generated a new class of networks called Wavelet Neural 
Network (WNN) [3]. These kind of networks use wavelet functions as hidden neu-
ron activation functions. Using theoretical features of wavelet transform, network 
construction methods can be developed. The first approach to a WNN model can 
be inferred if the inversion formula for the Wavelet Transform (WT) is seen like 
the sum of the products between the wavelet coefficients and the family of daugh-
ter wavelets [7]. This definition established by Strömberg [8] replaces the corre-
sponding integrals by a sum, therefore: 
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where 
tsw ,
 represent the wavelet coefficients of  the decomposition of )(xf  and 

ts,ψ  the daughter wavelets. 

The WNN architecture has its fundamental principle on the similarity found be-
tween the inverse WT Strömberg's equation (1) and a hidden layer in the Multi-
Layer Perceptron (MLP) network structure [8]; in the case of MLP, a WNN with 
only three layers (input, hidden and output layer) architecture is enough to ap-
proximate any arbitrary and continuous function, using an appropriate family of 
functions in the hidden layer [9-10]. The final accuracy in the approach depends of 
the used family function characteristics as well as by the error to reach.  

For developing a WNN, wavelet frames are less complex to use than orthogo-
nal wavelet basis. Frames can be constructed by simple operations of translation 
and dilation without fulfilling stringent orthogonal conditions [1,7,11]. Although 
many wavelet applications work well using orthogonal wavelet basis, many others 
work better with redundant wavelet families. The redundant representation offered 
by wavelet frames has demonstrated to be good both in signal denoising and in 
compaction [12-13].  

In this manner, a signal )(xf  can be approximated by generalizing a linear 

combination of daughter wavelets )(, xtsψ  derived from its mother wavelet )(xψ , 

this family of functions is defined as: 
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where the translation 
it  and the scaling 

is  are real numbers in ℜ . 

The family of functions 
cM  is known as a continuous wavelet frame of )(2 ℜL  

if there exist two constants A  and B  that fulfills with [14]: 
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Nevertheless for multi-variable model’s applications it is necessary to use multi-
dimensional wavelets. Families of multidimensional wavelets can be obtained 
from the product of P  monodimensional wavelets, )( ijaψ , of the form: 
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where 
it  and 

is  are the translation and scaling vectors respectively. 

2.1   WNN Algorithm 

The WNN architecture, shown in Fig. 1, corresponds to a feedforward MLP archi-
tecture with multiple outputs. The output )(ry n  (where n is an index, not a power) 
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depends on the connection weights )(rci
 between the output of each neuron and 

the  r-th output of the network, the connection weights )(rw j
 between the input 

data and each output,  an offset value )(0 rb  useful when adjusting functions that 

has a mean value other than zero, the n-th  input vector nx  and the wavelet func-

tion 
iΨ  of each neuron. The approximated signal of the model )(ry n  can be rep-

resented by the next equation: 
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where mr ,...,2,1= , with Zm ∈ , represent the number of outputs, and subindexes 

i and j stand for the i-th neuron in the hidden layer and the j-th element in the input 
vector, nx , respectively, K is the number of wavelet neurons and P  is the length 

of input vector, xn. With this model, a P -dimensional space can be mapped to a 
m-dimensional space ( mP RR → ), allowing the network to predict a value for each 
output ( )myn  when the n-th voltammogram nx  is input to the trained network. 

The basic neuron will be a multidimensional wavelet )( n
i xΨ  which is built us-

ing the definition (4), where scaling (
ijs ) and translation (

ijt ) coefficients are the 

adjustable parameters of the i-th wavelet neuron. With this mathematical model 
for the wavelet neuron, the network’s output becomes a linear combination of sev-
eral multidimensional wavelets [3,15-17]. 

 

Fig. 1 Architecture of the implemented WNN 
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In the present work, the mother wavelet used as activation function corresponds 
to the first derivative of a Gaussian function defined by 

25.0)( xxex −=ψ . This func-

tion has demonstrated to be an effective choice for the implementation of WNN 
among others [18-20]. 

Once a network has been structured, a training strategy can be proposed. For 
this purpose we used error backpropagation; this method employs an iterative al-
gorithm that looks for the minimum of the error function from the set of training 
vectors. In our application, the weights change once when all the vectors have 
been entered to the network (after one epoch). The difference is evaluated accord-
ing to the Mean Squared Error (MSE) function defined by: 
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where N  is the number of input vectors, )(ry n  is the r-th output of the network 

and )(exp ryn  is the r-th real value related to the input vector nx . 

Because the proposed model is of multi-variable character, we define: 

{ }ijijij strcrwrb ,),(),(),(0=Ω                                         (7) 

as the set of parameters that will be adjusted during training. 
These parameters must change in the direction determined by the negative of 

the output error function’s gradient: 
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In order to reduce training time, the value 1/N in (8) is a term that averages the er-
ror with the number of inputs vectors. The index m corresponds to the number of 
outputs. 

The changes in network parameters are calculated at each iteration according to 

Ω∂
∂−=ΔΩ Jμ , where μ  is a positive real value known as learning rate. With these 

changes the variables contained in Ω  are updated using: 

ΔΩ+Ω=Ω oldnew
                                                (9) 

where 
oldΩ  represents the current values and ΔΩ  represents the changes. 

On the one hand, initialization of network parameters was done according to a 
previous reported methodology [1,21], where the weights are initialized with ran-
dom initial values, and the parameters of scale and translation are proposed in or-
der to avoid the concentration of wavelets in localities of the input data universe. 

On the other hand the algorithm has two conditions to stop the training process 
when any of them is accomplished. These conditions are a maximum limit of 
training epochs and the convergence error threshold. 
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3   Application in Chemical Sensing 

The principles of the electronic tongue are applied in order to solve a mixture of 
five heavy metals by direct cyclic voltammetric analysis. The approach uses the 
voltammetric signal for the resolution of the components involved, a platinum 
modified graphite-epoxy composite, acting as the working electrode; and a multi-
variate calibration model built using WNN.  

This study corresponds to the direct multivariate determination of lead, copper, 
cadmium, thallium and indium from the complete cyclic voltammograms of the 
complex matrix. A total of 30 pattern solutions were prepared in acetate buffer 
(0.1 M, pH 3.76) for the generation of the response model. The five metals are 
present in all patterns in different concentrations which vary from 0.01 to 0.1ppm. 

A commercial potentiostat (Autolab PGSTAT 30) with the home made working 
electrode was used for the measurements. The cell was completed with a Ag/AgCl 
reference electrode (Orion 900200) and a commercial Platinum counter electrode 
(model 52-67 1, Crison). All experiments were carried out without any oxygen 
removal from the sample, which is a common great interference in electroanalysis. 
ºCyclic voltammetry signal is obtained by applying a linear potential sweep to the 
working electrode; once it reaches a set potential, the sweep direction is reverted. 
In this way, each resulting voltammogram consisted of 534 current values re-
corded in a range of potentials from -1.0V to 0.3V to -1.0V in steps of 0.0048V. 
For the prediction model a five-output WNN with three neurons in the hidden 
layer was programmed and trained. The input layer used 534 neurons, defined as 
the width of the voltammograms (oxidation and reduction sweeps in the CV sig-
nal). The expected output error was programmed to reach a value of 0.025 ppm, 
evaluated by )(/2 Ω⋅ JN , where )(ΩJ  is the MSE defined in (6);  and the learning 
rate was set to 0.0004. 

4   Results and Discussion 

In order to resolve individual analytes from the measured CV voltammograms, 
WNN models were programmed for the simultaneous quantification of the five 
metal. WNN modeling performance was evaluated according with a Linear Re-
gression Analysis of the comparations between the expected concentration values 
and those obtained for training and testing sets. All of them evaluated for a 95 % 
interval of confidence. Table 1, shows training and testing process for one pro-
grammed model. All quantification process were successfully accomplished , 
showing the good characteristics of the WNN for modeling non-linear input-
output relationships.  The slope (m) and intercept (b) which defines the compari-
son line y=mx+b that best fits the data (along with the uncertainly interval for a 
95% of significance) are shown for one of the study cases The ideal case implies 
lines with m=1 and b=0, which is fulfilled in all cases at the appropriate confi-
dence level. 
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Table 1 Comparison lines plotted to the results of the training and testing data using a 
WNN architecture 

Metal Training Testing 

 R m error b Error R m error b error 

Pb 0.986 0.994 ±0.084 -3.979E-05 ±0.006 0.899 1.188 ±0.472 -4.795E-03 ±0.034 

Cd 0.964 0.997 ±0.135 -7.704E-04 ±0.010 0.923 1.361 ±0.462 -1.365E-02 ±0.034 

Cu 0.960 0.979 ±0.141 9.791E-04 ±0.010 0.892 1.240 ±0.514 -5.192E-03 ±0.037 

Tl 0.983 0.992 ±0.093 3.434E-04 ±0.007 0.745 0.654 ±0.477 1.445E-02 ±0.035 

In 0.949 1.011 ±0.166 -1.357E-03 ±0.011 0.837 1.028 ±0.548 -2.419E-03 ±0.037 

Five extra WNNs were trained to confirm the model’s performance. Using a 
random selection each time (following a 10-fold cross validation process), to form 
different sets of training and testing. The behavior of different models was evalu-
ated averaging of the Recovery Percentage (RP) between the expected and ob-
tained concentration values .RP value is a parameter which indicates the ability of 
the model to determine quantitatively a chemical analyte present in a sample; the 
ideal value is 100% [1].  Figure 2 summarizes the results for all metal species pre-
sent in the sample which could be quantified by WNN models. 
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Fig. 2 Recovery Percentage average for Training (dark grey) and Testing (light grey) sub-
sets. The lines on the bars, correspond to the standard deviation of the five replicates 

5   Conclusions 

Based on the results, it is possible to observe that the simultaneous quantitative de-
termination of metallic species was achieved successfully employing a WNN 
model. From the estimated concentration values, it is possible to conclude that the 
estimation of metals of interest (Pb, Cd and Cu) at the sub-ppm level and in the 
presence of interfering Tl and In, was attained, with average errors lower than 5%. 

The proposed approach has demonstrated to be a proper multivariate modelling 
tool for voltammetric analytical signals. For its operation, the WNN adjusts the 
parameters for a family of wavelet functions that best fits the shapes and frequen-
cies of sensors’ signals. Moreover, cyclic voltammetry, commonly being a  
qualitative technique, proved to be a tool that brought satisfactory results in elec-
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trochemical quantification of heavy metals. WNNs were able to extract meaning-
ful information from the signal in order to estimate properly different species  
concentrations, even in the presence of important interfering elements as oxygen. 

Should be noted as well, that there was no need of surface renewal of the plati-
num composite working electrode to obtain proper results; all these features con-
fer clear advantages for the development of autonomous chemical surveillance 
systems. 
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Design of ANFIS Networks Using Hybrid  
Genetic and SVD Method for the 
Prediction of Coastal Wave Impacts 

Ahmad Bagheri, Nader Nariman-Zadeh, Ali Jamali, and Kiarash Dayjoori* 

Abstract. Genetic Algorithm (GA) and Singular Value Decomposition (SVD) are 
deployed respectively for optimal design of Gaussian membership functions of an-
tecedents, and linear coefficients vector of consequents, in ANFIS (Adaptive 
Neuro-Fuzzy Inference Systems) networks used for prediction of the 3rd month 
ahead coastal wave impacts. For this purpose time series parameters chosen by 
GMDH (Group Method of Data Handling) modeling are utilized. The aim of such 
modeling is to demonstrate how ANFIS network can be coupled with GMDH 
network and to show how such combination by hybrid GA/SVD designed ANFIS 
networks result in precise models. 

1   Introduction 

System identification techniques are applied in many fields in order to model and 
predict the behaviors of unknown and/or very complex systems based on given in-
put-output data. Theoretically, in order to model a system, it is required to under-
stand the explicit mathematical input-output relationship precisely. Such explicit 
mathematical modeling is, however, very difficult and is not readily tractable in 
poorly understood systems. Alternatively, soft-computing methods, which concern 
computation in imprecise environment, have gained significant attention. Fuzzy 
rule-based systems have been an active research field of the soft-computing meth-
ods because of their unique ability. Indeed, a fuzzy-logic system is able to model 
approximate and imprecise reasoning processes common in human thinking or 
human problem solving.  

Among fuzzy models, the Takagi-Sugeno-Kang type fuzzy models, also known 
as TSK models, are widely used for control and modeling because of their high 
accuracy and relatively small models. In the TSK models, which are also known 
as Neuro-Fuzzy systems, the consequents of the fuzzy rules are explicit functions, 
usually linear function, of the input variables rather than fuzzy sets [1]. An  
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equivalent approach to the TSK models has been proposed as Adaptive Neuro-
Fuzzy Inference System (ANFIS). In ANFIS networks a hybrid learning method is 
used for tuning parameters in both antecedents and consequents parts of embodied 
TSK-type fuzzy rules. There have been some research efforts in the literature to 
optimally design the premise and conclusion parts of such ANFIS or TSK models. 
In some very recent works genetic algorithm is used in conjunction with SVD for 
determination of nonlinear and linear parameters embodied in the antecedent and 
consequent parts of fuzzy rules [2].  

Unique and desirable properties of fuzzy logic and ANFIS modeling have 
caused their wide application in climatic and meteorological studies. Among 
climatic natural consequences, Wind produced waves are of exceptional inter-
est to engineers due to their impact on coastal structures. Since waves impact 
determination comprises of assigning uncertain or complex interaction  
between elements and parameters, and since long-term observed data are in-
adequate in characteristic of wind produced waves there have been consider-
able studies devoted to their main properties prediction by soft computing 
methods [3]. 

In this paper, third month ahead wave impacts of a town located on south-east 
coast of Caspian Sea which is called NosratAbad, is predicted by optimum ANFIS 
networks. Such ANFIS networks are optimized by simultaneous application of 
genetic algorithm and SVD method. Genetic algorithm determines optimal Gaus-
sian membership functions of rules premise part, whilst SVD method selects linear 
parameters of the rules’ conclusion part. In order to distinct parameters of time se-
ries which were involved for wave impacts forecasting, an identical prediction was 
fulfilled by GMDH (Group Method of Data Handling) network and selected pa-
rameters were filled as input to ANFIS network. For reducing the complexity of 
the rule base, a “bottom up” rule-based approach [4] is adopted to search for struc-
tures with the best number of rules and prediction errors. 

2   Study Area 

The data set used in this study is average of maximum wave impacts per month 
gathered in NosratAbad town on south-west coast of Caspian Sea at 38º 24′ N and 
40º E, from January 1996 to December 2000. Measuring apparatus, which will be 
discussed later, was located 10m from the shore line and above the sea natural sur-
face where depth of the sea was 30cm. Wave impacts were collected for 45 min-
utes at 9, 15 and 21 local time of each day [5]. 

Since the Caspian Sea is located in middle-latitude and is separated from world 
oceans, its properties are mostly influenced by seasonal changes [6, 7]. Thus it 
could be expected that its natural phenomena, particularly water wave impacts, 
usually occur in shorter period compared to others worldwide natural phenomena 
and interprets utilizing of Time Series with short term data for assigning water 
wave attributes. 
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3   Basis of Design and Measuring Manner of Sea Wave Impact 
     Tester 

As it is shown in figure (1), the apparatus consists of a six sides frame with an iron 
plate of 0.3cm 40cm 100cm× ×  in the centre. The plane is reinforced by two iron 

band so that buckling at the time of waves’ impact is prevented. There are five 
holes on the plane for installing and bolting of force measures. One of these holes 
is located at the centre of the plane and the remaining four are made at corners of 
an abstract square which its centre coincides with the plan centre. Five force 
measurers with capability of 12.5 kgf are mounted perpendicular to the plane of 
the instrument. For balancing the wave breaker reciprocation four circular profiles 
are installed on both back sides of frame. Each measurer’s spring stiffness coeffi-
cient is equal to 2041.66 N/m Therefore, by consideration of springs’ parallelism 
the total springs’ stiffness is equal to 10208.3 N/m. Force counter sensor, which is 
paralleled with force measurers, records the received force in kgf unit with preci-
sion of one grf.  

Fig. 1 Wave impact measurer apparatus 

 

By positioning wave impact measurer on seashore, the plane reacts as a wave 
breaker and it is pushed during the wave impacts. When the plane is pushed, 
force-measurers are stretched and their elongation indicates applied force [5]. 

4   Modelling Using ANFIS 

An ANFIS that consists of a set of TSK-type fuzzy IF-THEN rules can be used in 
modelling in order to map inputs to outputs. The formal definition of such identifi-
cation problem is to find a function f̂ so that it can be approximately used instead 
of the actual one, f , in order to predict output ŷ  for a given input vector 

,1 2 3( ,..., ), nX x x x x=  as close as possible to its actual output y  or  

2
1 2 3
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i i i in i
i
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− →∑                             (1) 
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In this way, a set of linguistic TSK-type fuzzy IF-THEN rules is designed to ap-
proximate f  by f̂  using m observations of n-input–single-output data pairs 
( , )i iX y  (i=1, 2, …, m). The fuzzy rules embodied in such ANFIS models can be 

conveniently expressed using the following generic form 

( ) ( )1 2
1 2
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consequent of each rule. The entire fuzzy sets in ix  space are given as 

( ) (1) (2) (3) ( ){ }., , ,....,i rA A A A A=                                       (3) 

These entire fuzzy sets are assumed Gaussian shape defined on the domains 

],[ ii βα +−  (i=1,2,…,n). The fuzzy sets are represented by Gaussian membership 

functions in the form of  

2

( )
1

( ) ( ; , ) exp
2

i j
j i i j jA

j

x c
x Gaussian x cμ σ

σ

⎛ ⎞⎛ ⎞−⎜ ⎟= = − ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                  (4) 

where cj, σj are adjustable centers and variances in antecedents, respectively. It is 
evident that that the number of such parameters involved in the antecedents of 
ANFIS models can be readily calculated as nr, where n is the dimension of input 
vector and r is the number of fuzzy sets in each antecedent. Using Mamdani alge-
braic product implication, the degree of such local fuzzy IF-THEN rule can be 
evaluated in the form 

( )
1

( ).
n

iRule il Ai l

xμ μ
=

= ∏                                            (5) 

In  this  equations                 represents the degree of membership  of  input ix   re-

garding their lth fuzzy rule’s linguistic value, ji
lA . Using singleton fuzzifier, 

product inference engine, and finally aggregating the individual contributions of 
rules leads to the fuzzy system in the form 

( )
1

1

( )
1

1

( ( ))

( ) .

( ( ))

nN
jil iAll

i

nN
ji iAll

i

y x

f X

x

μ

μ

= =

= =

∑ ∏
=

∑ ∏

                                      (6) 

when a certain set containing N fuzzy rules in the form of equation (2) is avail-
able. Equation (6) can be alternatively represented in the following linear regres-
sion form 

( ) ( )ji iAl
xμ
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( ) ( )
1

N
f X p X y Dl l

l
= +∑

=
                                           (7) 

where D is the difference between ( )f X  and corresponding actual output, y , and 

( )

1

( )
1
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ji iAli
l nN

ji iAl li
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p X

x

μ

μ

=

= =

∏
=
∑ ∏

                                       (8) 

It is therefore evident that equation (7) can be readily expressed in a matrix form 
for a given m input-output data pairs ( , )i iX y  (i=1, 2, …, m) in the form 

. ,Y P W D= +                                                   (9) 

where 1 2[ , ,..., ]T S
sW w w w= ∈ℜ , S=N(n+1) and 1 2[ , ,..., ]T m S

sP p p p ×= ∈ℜ . It 

should be noted that each (n+1) components of vector wi corresponds to the con-
clusion part of a TSK-type fuzzy rule. Such firing strength matrix P is obtained 
when input spaces are partitioned into certain number of fuzzy sets. It is evident 
that the number of available training data pairs is usually larger than all the coeffi-
cients in the conclusion part of all TSK rules when the number of such rules is suf-
ficiently small, that is m S≥ . This situation turns the equation (9) into a least 
squares estimation process in terms of unknowns, 1 2[ , ,..., ]T

sW w w w= , so that  

the differenceD is minimized. The governing normal equations can be expressed 
in the form 

1( . ) . .T TW P P P Y−=                                      (10) 

Such modification of coefficients in the conclusion part of TSK rules leads to bet-
ter approximation of given data pairs in terms of minimization of difference vector 
D. However, such direct solution of normal equations is rather susceptible to 
round off error and, more importantly, to the singularity of these equations [2].  

Therefore singular value decomposition as a powerful numerical technique 
could be used to optimally determine the linear coefficients embodied in the conclu-
sion part of ANFIS model to deal with probable singularities in equation (9). How-
ever, in this work, a hybridization of genetic algorithm and SVD is proposed to  
optimally design an ANFIS network for prediction of the NosratAbad coastal  
wave impacts. Such combination of genetic algorithms and SVD is described in 
sections 5 and 6, respectively.  

5   Application of Genetic Algorithm to the Design of ANFIS 

The incorporation of genetic algorithm into the design of such ANFIS models 
starts by representing the nr real-value parameters of {cj, σj } as a string of con-
catenated sub-strings of binary digits and selected rules as a string of decimal dig-
its in interval of {1, nr}. Thus, combination of the binary and the decimal strings 
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represents antecedent part of a fuzzy system. Fitness, Φ, of Such ANFIS system to 
model and predict wave impacts, is readily evaluated in the form of 

Φ 1
E

=                                                      (11) 

where E is the objective function given by equation (1) and is minimized through 
an evolutionary process by maximization the fitness, Φ. The evolutionary process 
starts by randomly generating an initial population of binary and decimal strings 
each as a candidate solution representing the fuzzy partitioning and the rules of the 
premise part. Then, using the standard genetic operations of roulette wheel selec-
tion, crossover, and mutation, entire populations of combined strings are caused to 
improve gradually. In this way linear coefficients of conclusion parts of TSK rules 
corresponding to each chromosome representing the premise parts of the fuzzy 
system, are optimally determined by using SVD. Therefore, ANFIS models of 
predicting coastal wave impacts with progressively increasing fitness,Φ, are pro-
duced whilst their premise and conclusion parts are determined by genetic algo-
rithms and SVD, respectively. In the following section, a brief detail of SVD  
application for optimally determination of consequent coefficients is described [2]. 

6   Application of Singular Value Decomposition to the Design of   
     ANFIS Networks 

In addition to the genetic learning of antecedents of fuzzy systems involved in 
ANFIS networks, singular value decomposition is also deployed for the optimal 
design of consequents of such fuzzy systems. Singular value decomposition is the 
method for solving most linear least squares problems that some singularities may 
exist in the normal equations. The SVD of a matrix, M SP ×∈ℜ , is a factorisation 
of the matrix into the product of three matrices, a column-orthogonal matrix 

M SU ×∈ℜ , a diagonal matrix S SQ ×∈ℜ  with non-negative elements (singular 
values), and an orthogonal matrix S SV ×∈ℜ  such that 

. . TP U Q V=                                                    (12) 

The most popular technique for computing the SVD was originally proposed in 
[8]. The problem of optimal selection of W  in equation (9)  is  firstly  reduced  to  
finding the modified inversion of diagonal matrix Q in which the reciprocals of 
zero or near zero singulars (according to a threshold) are set to zero. Then, such 
optimal W  is obtained using the following relation [2] 

[diag(1/ )] T
jW V q U Y=                                  (13) 

7   Genetic/SVD Based ANFIS Prediction of Coastal Wave 
     Impacts  

The 60 experimental data which are used in this study are monthly average of daily 
maximum wave impacts from January 1996 to December 2000. However, in order 
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to construct an input-output table to be used by ANFIS network, a pre-table of 60 
various input have been considered for possible contribution to represent the 
model. The first 15 columns of such pre-input-output data table consist of the wave 
impacts in  the  1st, …, 15th   previous   months   denoted  by  impact(i-1) , …,   
impact(i-15) , respectively. The next 15 columns of it consist of the increment val-
ues, denoted by Inc_1(i), …, Inc_j(i),…, Inc_15(i),which is defined as  

_ ( ) ( ) ( 1)Inc j i impact i j impact i j= − − − −                   (14) 

where i is the index of current month and j is the index of a particular increment. 
The next 15 columns consist of moving averages of previous month impact de-
noted by MA_I_2(i), …, MA_I_j(i),…, MA_I_16(i), which is defined as 

1

( )
_ _ ( )

j

k

impact i k
MA I j i

j=

−= ∑                               (15) 

where i is the index of current month and j is the index of a  particular moving  
average of wave impacts. The last 15 columns of the pre-input-output data table 
consist of moving   averages   of   previous   month   increments  denoted  by  
MA_Inc_2(i), …, MA_Inc_j(i),…, MA_Inc_16(i) which is defined as 

1

_ ( )
_ _ ( )

j

k

Inc k i
MA Inc j i

j=
= ∑                                   (16) 

where i is the index of current month and j is for the index of a particular moving 
average of increments. In the final stage of pre-data-table creation, wave impacts 
of the 3rd month ahead were substituted as outputs. Since, such aforementioned 
method is used for creation of pre-input-output-data-table, 41 observation points 
are available for the prediction of the 3rd month ahead wave impact [7].  

In order to predict wave impact of the 3rd month ahead, pre-data-table was ran-
domly divided into 30-member training and 11-member testing sets. Because of 
ANFIS networks deficiency in input data selection, same prediction was deployed 
by GMDH networks in order to distinct main inputs to ANFIS network. Chosen 
input by GMDH network which were 15th increment or Inc_15(i), the 10th mov-
ing average of wave impacts or MA_I_11(i), wave impact of the 5th pervious 
month or impact(i-5) and the 7th moving average of increments or MA_Inc_8(i), 
were filled to discussed GA/SVD designed ANFIS network for prediction of the 
3rd month ahead wave impact. The prediction was deployed with 2, 3 and 4 mem-
bership functions in space of each input and the number of rules was gradually ex-
tended from 2 to 16 numbers in every case in order to determine the optimum 
number of rules. In developing of such ANFIS networks, training mean square er-
ror (MSE) was considered as the objective function of the consequent or SVD  
designed part of the ANFIS system and the testing MSE was regarded as the ob-
jective function of its premise or GA designed part. Training and testing MSEs of 
the ANFIS networks with two membership functions in space of each input and  
different numbers of rules, are plotted in figure (2).  
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Fig. 2 The training and pre-
diction MSEs of wave impact
predictions with ANFIS net-
works of two membership 
functions in space of each
input 
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From figure 2, it is perceived that ANFIS network with 4 numbers of rules is 
the best choice in terms of training error, testing error and number of rules. Thus 
the ANFIS network of 4 rules with training MSE of 0.57 and testing MSE of 0.75 
was chosen as the final model for the prediction of 3rd month ahead wave impacts. 
Membership functions of such ANFIS network are represented in table 1, where 
cj, σj are adjustable centers and variances given by equation (4). 

Table 1 Genetically evolved Gaussian membership functions of the ANFIS network devel-
oped for prediction of the 3rd month ahead wave impacts 

Inc_15(i)  MA_I_11(i)  impact(i-5)  MA_Inc_8(i) 
 C σ   C    C σ   C σ 
A

1 
-4.4 1.69  B

1
 6.94 4.73  C

1 
2.03 5.58  D

1 
-0.34 0.77 

A
2 

-5.2 3.67  B
2
 6.3 1.95  C

2 
2.03 9.68  D

2 
-0.34 0.51 

The set of TSK-type fuzzy rules obtained for the prediction of the 3rd month 
ahead wave impacts are presented in equations (17) to (20), where x1, x2, x3 and x4 
stands for Inc_15(i), MA_I_11(i), impact(i-5) and MA_Inc_8(i) respectively. It 
should be noted that the number of parameters in each vector of coefficients in the 
conclusion part of every TSK-type fuzzy rule is equal to 5 according to the as-
sumed linear relationship of input variables in the consequents. 
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The very good behavior of the ANFIS network designed by hybrid GA/SVD to 
model and predict the wave impact of the 3rd month ahead is depicted in  
Figure (3).  
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Fig. 3 Comparison of the actual data and the behavior of the ANFIS network (data points 
distinct by circles represent testing set members; remaining points comprise training set) 

8   Conclusion 

It has been shown that Hybrid GA/SVD-designed ANFIS networks provide effec-
tive means to model and predict the 3rd month ahead wave impacts in terms of 
training and testing errors and the number of rules, with training error of 8.36%, 
testing error of 10.35% and rule numbers of four which are quite acceptable errors 
and number of rules for meteorological phenomena forecasting. Additionally it 
was demonstrated that hybridization of SVD with GA despite other liner equation 
solving methods ensure model convergence for any given antecedents part of an 
ANFIS network. These have been achieved by utilization of time series and inputs 
selected by GMDH networks. It has been also shown that usage of GMDH net-
work results as input to ANFIS network contribute to TSK-type fuzzy system the 
ability of time series modelling and result in accurate models. 
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A Neuro-Fuzzy Control for TCP Network Congestion 

S. Hadi Hosseini, Mahdieh Shabanian, and Babak N. Araabi* 

Abstract. We use Active Queue Management (AQM) strategy for congestion 
avoidance in Transmission Control Protocol (TCP) networks to regulate queue 
size close to a reference level. In this paper we present two efficient and new 
AQM systems as a queue controller. These methods are designed using Improved 
Neural Network (INN) and Adaptive Neuro-Fuzzy Inference Systems (ANFIS). 
Our aim is low queue variation, low steady state error and fast response with using 
these methods in different conditions. Performance of the proposed controllers and 
disturbance rejection is compared with two well-known AQM methods, Adaptive 
Random Early Detection (ARED), and Proportional-Integral (PI). Our AQM 
methods are evaluated through simulation experiments using MATLAB. 

1   Introduction 

The congestion controllers strategies are used for prevent a starting congestion or 
recover from network congestion. Many of Transmission Control Protocol (TCP) 
schemes, adjusted window size for congestion avoidance, have been explored in the 
last two decades. The first used scheme, TCP Tahoe, and the next, TCP Reno [1]. 

Active Queue Management (AQM) scheme is a congestion avoidance strategy 
for TCP networks. Random Early Detection (RED) is a popular example of an 
AQM scheme [2]. Hollot and his colleagues in [3] have used the control theoretic 
approaches to determine the RED parameters. Several researchers have proposed 
as a controller for AQM system: the conventional controllers such as Proportional 
(P), Proportional-Integral (PI) [4], Proportional-Derivative (PD) [5], Proportional-
Integral-Derivative (PID) [6], and adaptive controller such as Adaptive Random 
Early Detection (ARED) [7], and the heuristic methods such as fuzzy logic [8, 9, 
10] and Neural Networks (NN) [11]. 
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We present a more sophisticated adaptive control strategy for AQM in TCP 
networks using a dynamic Artificial Neural Network (ANN) AQM control. The 
neural network operates as an adaptive and robust [11]. TCP networks involve 
several stochastic variables with nonstationary time-varying statistics. Most of 
these factors are regarded as uncertainty in the AQM system. Thus, an AQM con-
trol requires adaptive stochastic control to overcome uncertainty and time-
variance [17]. We choose a Multi Layer Perceptron (MLP) dynamic neural model. 
For simplicity, we derive a learning procedure by the gradient descent Back 
Propagation (BP) method. Then we improved this method with Delta-Bar-Delta 
algorithm [13] and designed a new Improved Neural Network (INN) AQM. 

After the INN AQM, we choose Adaptive Neuro-Fuzzy Inference Systems 
(ANFIS) AQM, for TCP networks. This controller can promptly adapt its opera-
tion to the nonlinear time-varying and stochastic nature of TCP networks. As a re-
sult, unlike RED, classical linear control, and adaptive control approaches, ANFIS 
is able to determine satisfactory AQM system parameters values autonomously. 
Here we choose a four-input first order Takagi-Sugeno fuzzy model with three 
membership functions, in our five layer ANFIS architecture [12]. 

Performance of the proposed controllers is evaluated via simulations in 
MATLAB environment and compared with ARED and PI. 

In the following section we present our improved neural network AQM TCP 
congestion control with adaptive Delta-Bar-Delta learning algorithm. ANFIS  
controller approach which is used in this paper is described in Sect. 3. In Sect. 4 
simulation results and comparison between the proposed controllers with other 
controllers are given. Finally, the paper is concluded in Sect. 5. 

2   Improved Neural Network AQM 

The block diagram of TCP congestion control with the INN AQM proposed in this 
paper is shown in Fig. 1. 

TCP PlantINN

AQM
Z

q0 e

q(k)

-1

Z 1-

q(k-1)

F   (k-1)c

cF   (k)   q(k)  

 

Fig. 1 INN AQM for TCP Congestion 

In Fig. 1, q(k) is the queue size of available in router’s buffer. The INN control-
ler minimize the error signal (e), between the actual queue size q(k), and the refer-
ence queue target value q0. The loss probability Pd(k), is the control input to the 
TCP plant. 
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The MLP neural network model used in this paper is shown in Fig. 2. 

 

Fig. 2 MLP neural network for AQM 

Wij is the weight matrix of this model that number of neurons is i and number 
of input signals is j. We improve the neural network training algorithm and com-
bine gradient descent BP algorithm and Delta-Bar-Delta algorithm (for adaptation 
of η) [13]. 

ij
ijijij W
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)k( ijij
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Where J is our cost function and ]1,0[],1,0[,0 ∈∈> εβK  are constants. We 

show that the mentioned algorithm is better than previous methods in tracking 
TCP queue size. 

3   ANFIS AQM 

The block diagram of TCP congestion control with the ANFIS AQM proposed in 
this paper is similar to INN AQM block diagram. In this approach, the INN con-
troller is replaced with the ANFIS controller. The ANFIS model used in this paper 
is shown in Fig. 3. Our ANFIS model is a simple Takagi-Sugeno fuzzy model 
[12]. It is includes four-inputs with three Gaussian membership functions for each 
input signals. Parameters in this layer are referred to as Premise Parameters, such 
as ci and σi. The membership function is given by: 
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)
2

c)-(x-
exp( = (x)

2

2

σ
μ                                                  (5) 

This model includes five layers: Layer 1 consists of Premise Parameters, Layer 2 
is a product layer, Layer 3 is a normalized layer, Layer 4 consists of Consequent 
Parameters, and Layer 5 is a summation layer. We have 34=81 rules. The Conse-
quent Parameters are given by: 

)1j(1iijj uF +α+α=                                                   (6) 
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Fig. 3 ANFIS model for AQM 

Where i is number of input signals, u is input signal, and j is number of rules. 
We fixed the Premise Parameters and membership functions cleverly that they 
shown in Fig. 4 and then trained the Consequent Parameters with gradient descent 
BP algorithm. 
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4   Simulations and Results 

We evaluate performance of the proposed INN and ANFIS AQM methods via 
simulations using MATLAB subroutine. To comparison the results, we also simu-
late the PI and ARED AQM schemes. The parameters of the PI controller are 
given in [4] and the parameters of the ARED are defined in [16]. PI parameters 
are: Ki=0.001, and Kp=0.0015, and also ARED parameters are: a=0.01, b=0.9, 
minth=80, and maxth=159. 

4.1   Simulation 1 

In this simulation we use the nominal values known to controller parameters and 
compare four AQM algorithms: ANFIS, INN, PI and ARED. The scenario defined 
in [15] follows: Nn=50 (TCP sessions), Cn=300 (packet/sec), Tp=0.2 (sec), there-
fore R0n=0.533 (sec) and W0n=3.2 (packets). The desired queue lengths is q0=100. 
Furthermore, propagation links delay, Tp is used as a random number. Simulation 
results are depicted in Fig. 5. 
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Fig. 5 Comparison of four AQM algorithms in nominal condition 

In this case, the PI and ANFIS controller have an oscillatory behavior, but it is 
not important. The PI essentially is a fast controller with a high overshoot. The 
INN and ANFIS have a delay time because they are trained by their previous val-
ues of queue length. In the steady state, all of results are similar and good. 

In Table 1 the mean and variance of queue length for four AQM are given. In 
the all of the simulations the mean and variance of queue computed in steady state 
condition from 15 sec to 100 sec. 
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4.2   Simulation 2 

In this simulation we evaluate the robustness of the INN and ANFIS controller 
against variations in the network parameters. The numbers of sessions (N), link 
capacity (C) and propagation links delay (T) are changed during the simulation. 
First we consider the constant and real values for these parameters that given in 
[15]. This scenario follows: Np=40 (TCP sessions), Cp=250 (packet/sec), and Tp = 
0.3 (sec). These values are very different from the nominal values. After 20 sec-
onds we increase those to twice of the previous values. Then after 20 seconds we 
decrease them to the nominal values at 40th second. Those parameters are de-
creased to half of the initial values at 60th second and returned to the initial values 
at 80th second. Simulation results are depicted in Fig. 6. 
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Fig. 6 Comparison of four AQM algorithms in real condition 

As is shown in Fig. 6 and Table 1, queue length regulation using the ANFIS 
controller is considerably better than the others. Moreover, the ARED method 
could not track the desired queue and the PI method has an oscillatory treat in 
queue tracking. According to the Table 1, the ANFIS controller is better than the 
INN controller, because the variation of the ANFIS AQM is low. 

4.3   Simulation 3 

We evaluate the robustness of the proposed controller with respect to variations in 
the network parameters. The number of TCP flows N is considered as a normally 
distributed random signal with mean 45, and standard deviation 6, that it is added 
to a pulse train of period 50 (sec) and amplitude of 5. Moreover, the link capacity 
C is a normally distributed random signal with mean of 250 (packets/sec), and  
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standard deviation 6 (packets/sec), that it is added to a pulse of period 80 (sec) and 
amplitude of 50 (packets/sec). Also the propagation delay Tp is a normally distrib-
uted random signal with mean of 0.2 (sec), and standard deviation 2 (ms), that it is 
added to a pulse of period 50 (sec) and amplitude of 10 (ms). The sampling time is 
0.53 (sec) for any parameters. These parameters are shown in Fig. 7. 

Fig. 7 Variation of N, C and Tp 
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Fig. 8 shows the queue regulation for four AQM methods. According to the 
Table 1 and Fig. 8, the proposed methods (INN and ANIS) are better than the  
others. 
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Fig. 8 Comparison of four AQM algorithms in time-variant condition 

As is shown in Fig. 8, queue length regulation using the ANFIS controller is 
considerably better than the others. Moreover, the PI controller’s queue length 
variation is much higher than the ANFIS controller. According to the Table 1, 
the ARED AQM’s queue length mean is far from the desired value. In addition, 
the ANFIS controller is better than the INN controller, because the ANFIS 
AQM has a high mean of queue. Also, the queue length variance of ANFIS 
AQM has a low. 
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Table 1 Comparison of four AQM algorithms in three simulations 

Simulation AQM           Mean Queue Size (Packets) Variance Queue Size (Packets) 

ARED 100.05 0.001 

PI 99.99 0.001 

INN 100.02 2.84 * e-5 
1 

ANFIS 100.00 1.26 * e-9 

ARED 35.35 2600.35 

PI 99.42 2782.81 

INN 100.44 232.36 
2 

ANFIS 100.07 183.55 

ARED 41.51 302.68 

PI 99.82 1759.65 

INN 99.23 185.49 
3 

ANFIS 99.58 136.54 

5   Conclusions 

We presented two novel AQM methodology using a dynamic neural network and 
neuro-fuzzy system for TCP congestion control. Both methods acted as a feedback 
controller to maintain the actual queue size close to a reference target. The neuro-
fuzzy (ANFIS) AQM is trained by a gradient descent BP algorithm, but the improved 
neural network (INN) AQM is trained by a modified algorithm. In this modified algo-
rithm we combined gradient descent BP algorithm with Delta-Bar-Delta algorithm. 
We applied proposed AQM systems to a single bottleneck network supporting multi-
ple TCP flows. Three scenarios were examined in the simulation experiments to 
compare ANFIS and INN AQM to ARED and PI AQM. 

The PI AQM resulted in queue saturation and larger overshoot. Also the result 
of ARED AQM is far from a reference target.  However, ANFIS and INN AQM 
reduced overshoot and eliminated saturation and steady state error. ANFIS and 
INN AQM had the best regulation performance. Especially for real parameters 
(Sect. 4.2) and also for the case of time-varying TCP dynamics (Sect. 4.3),  
the ANFIS AQM was superior. We conclude that ANFIS AQM is an effective 
adaptive controller in TCP networks. 

Future work will extend our results to more complex network scenarios, such as 
short TCP connections or noise disturbance networks, and will include various 
simulation scenarios using a network simulation tool such as NS-2 and OPNET to 
verify our results. 
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Use of Remote Sensing Technology for GIS  
Based Landslide Hazard Mapping 

S. Prabu, S.S. Ramakrishnan, Hema A. Murthy, and R.Vidhya* 

Abstract. This purpose of this study is a combined use of socio economic, remote 
sensing and GIS data for developing a  technique for landslide susceptibility 
mapping using artificial neural networks and then to apply the technique to the 
selected study areas at Nilgiris district in Tamil Nadu and to analyze the socio 
economic impact in the landslide locations. Landslide locations are identified by 
interpreting the satellite images and field survey data, and a spatial database 
of the topography, soil, forest, and land use. Then the landslide-related 
factors are extracted from the spatial database. These factors are then used with 
an artificial neural network (ANN) to analyze landslide susceptibility. Each 
factor’s weight is determined by the back-propagation training method. Different 
training sets will be identified and applied to analyze and verify the effect of 
training. The landslide susceptibility index will be calculated by back propagation 
method and the susceptibility map will be created with a GIS program. The 
results of the landslide susceptibility analysis are verified using landslide location 
data. In this research GIS is used to analysis the vast amount of data very 
efficiently and an ANN to be an effective tool to maintain precision and 
accuracy. Finally the artificial neural network will prove it’s an effective tool for 
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analyzing landslide susceptibility compared to the conventional method of 
landslide mapping. The Socio economic impact is analyzed by the questionnaire 
method. Direct survey has been conducted with the people living in the landslide 
locations through different set of questions. This factor is also used as one of the 
landslide causing factor for preparation of landslide hazard map. 

1   Introduction 

Landslide risk is defined as the expected number of lives lost, persons injured, 
damage to property and disruption of economic activity due to a particular 
landslide hazard for a given area and reference period (Varnes, 1984)[10]. When 
dealing with physical losses, (specific) risk can be quantified as the product of 
vulnerability, cost or amount of the elements at risk and the probability of 
occurrence of the event. When we look at the total risk, the hazard is multiplied 
with the expected losses for all different types of elements at risk (= vulnerability 
* amount), and this is done for all hazard types. Schematically, this can be 
represented by the following formula (1): 

Risk = Σ (H * Σ (V * A))                                         (1) 

Where: 

H = Hazard expressed as probability of occurrence within a reference period 
(e.g., year) 

V = Physical vulnerability of a particular type of element at risk (from 0 to 1) 
A = Amount or cost of the particular elements at risk (e.g., number of buildings, 

cost of buildings, number of people, etc.). Theoretically, the formula would result 
in a so-called risk curve, containing the relation between all events with different 
probabilities, and the corresponding losses.  

Out of the factors mentioned in the formula for risk assessment, the hazard 
component is by far the most difficult to assess, due to the absence of a clear 
magnitude-frequency relation at a particular location, although such relations can be 
made over larger areas. Furthermore, the estimation of both magnitude and probability 
of landsliding requires a large amount of information on the following aspects: 

• Surface topography 
• Subsurface stratigraphy 
• Subsurface water levels, and their variation in time 
• Shear strength of materials through which the failure surface may pass Unit 

weight of the materials overlying potential failure planes and the intensity and 
probability of triggering factors, such as rainfall and earthquakes. 

All of these factors, required to calculate the stability of individual slopes, have a 
large spatial variation, and are only partly known, at best. If all these factors 
would be known in detail it would be possible to determine which slopes would 
generate landslides of specific volumes and with specific run out zones for a given 
period of time. 
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1.1   Digital Techniques for Landslide Change Detection 

Despite the theoretical availability of high resolution satellite images, aerial 
photographs are used more extensively for landslide studies because they have 
been in existence for a long time and have a suitable spatial resolution. Techniques 
for change detection using digital aerial photos are often based on the generation 
of high accurate orthophotos, using high precision GPS control points, for images 
from different periods. A detailed procedure is given in Casson et al. (2003)[3] 
with a multi-temporal example from the La Clapiere landslide in France. Hervas et 
al. (2003)[5], and Van Westen and Lulie (2003)[9] have made similar attempts for 
the Tessina landslide in Italy.  

1.2   GIS Data Analysis and Modeling for Landslide Risk 
Assessment 

The number of recent publications on various methods for GIS based landslide 
hazard assessment is overwhelming, especially when compared with those that 
also deal with landslide vulnerability and risk assessment, which are still very few. 
Overviews and classification of GIS based landslide hazard assessment methods 
can be found in Soeters and Van Westen (2003)[9], Leroi (1996)[6], Carrara et al. 
(1995[1], 1999)[2], and Van Westen (2000)[8]. In terms of software used, GIS 
systems such as ArcInfo, ArcView, ArcGIS, SPANS, IDRISI, GRASS and ILWIS 
are mostly used and statistical packages such as Statgraph or SPSS. Most GIS 
systems are good in data entry, conversion, management, overlaying and 
visualization, but not very suitable for implementing complex dynamic simulation 
models. Some GIS systems are specifically designed for implementing such 
dynamic models (PCRaster, 2000)[7]. 

1.2.1   Landslide Risk Analysis 

Risk is the result of the product of probability (of occurrence of a landslide with a 
given magnitude), costs (of the elements at risk) and vulnerability (the degree of 
damage of the elements at risk due to the occurrence of a landslide with a given 
magnitude). A complete risk assessment involves the quantification of a number 
of different types of losses (FEMA, 2004)[4], such as: 

• Losses associated with general building stock: structural and nonstructural cost 
of repair or replacement, loss of contents. 

• Social losses: number of displaced households; number of people requiring 
temporary shelter; casualties in four categories of severity (based on different 
times of day) 

• Transportation and utility lifelines: for components of the lifeline systems: 
damage probabilities, cost of repair or replacement and expected functionality 
for various times following the disaster. 

• Essential facilities: damage probabilities, probability of functionality, loss of 
beds in hospitals. 
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• Indirect economic impact: business inventory loss, relocation costs, business 
income loss, employee wage loss, loss of rental income, long-term economic 
effects on the region. 

The quantification of landslide risk is often a difficult task, as both the landslide 
intensity and frequency will be difficult to calculate for an entire area, even with 
sophisticated methods in GIS. In practice, often simplified qualitative procedures 
are used, such as the neural network model and analytical hierarchic process. 

2   Study Area  

Study area is geographically located between 76° 14. 00. and 77° 02. 00. E 
longitudes and 11° 10. 00. and 11° 42. 00. N latitudes. The Nilgiris district is a 
mountainous terrain in the North West part of Tamil Nadu, India. 

3   Data Requirements 

Data                    GIS data type 
Landslide (1:5,000)                 ARC/INFO polygon coverage 
Geological map (1:50,000)     ARC/INFO polygon coverage 
Landuse map (1:50,000)         ARC/INFO grid 
Rainfall map (1:50,000)         ARC/INFO polygon coverage 
Slope map (1:50,000)             ARC/INFO polygon coverage 
Soil map(1:50,000)      ARC/INFO Polygon Coverage 

4   Construction of Spatial Database Using GIS 

To apply the artificial neural network, a spatial database is created that took 
landslide-related factors such as topography, soil, forest, and land use into 
consideration. Landslide occurrence areas are detected from both Indian Remote 
Sensing (IRS) and field survey data. In the study area, rainfall triggered debris 
flows and shallow soil slides are the most abundant. Maps relevant to landslide 
occurrence are constructed in a vector format spatial database using the GIS 
ARC/INFO or Arc Map software package. 

These included 1:50000 scale topographic maps, 1:50,000 scale soil maps, and 
1:50,000 scale forest maps. Contour and survey base points that had an elevation 
value read from a topographic map are extracted, and a digital elevation model 
(DEM) is constructed. The DEM has a 10 m resolution and will be used to 
calculate the slope, aspect, and curvature. Drainage and topographic type will be 
extracted from the soil database. Forest type, timber age, timber diameter, and 
timber density will be extracted from forest maps. Land use was classified from 
Landsat TM satellite imagery.  

Both the calculated and extracted factors are converted to form a 10 × 10 m2 
grid (ARC/INFO grid type), and then it will be converted to ASCII data for use 
with the artificial neural network program. Then the back propagation network 
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(BPN) is used for training the network by adjusting the weights between the 
nodes. After the training the BPN was used as the feed forward network for the 
new area classification and the verification has been done by comparing with the 
field verification and map data. This is shown in fig.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Flowchart of Methodology 

5   The Artificial Neural Network 

An artificial neural network is a “computational mechanism able to acquire, 
represent, and compute a mapping from one multivariate space of information to 
another, given a set of data representing that mapping”. The back propagation 
training algorithm (BPN) is the most frequently used neural network method and 
is the method used in this study. The back-propagation training algorithm is 
trained using a set of examples of associated input and output values. The purpose 
of an artificial neural network is to build a model of the data-generating process, 
so that the network can generalize and predict outputs from inputs that it has not 
previously seen. 

There are two stages involved in using neural networks for multi-source 
classification: the training stage, in which the internal weights are adjusted; and 
the classifying stage. Typically, the back-propagation algorithm trains the network 
until some targeted minimal error is achieved between the desired and actual 

Study Area 

Identify the previous landslide locations using  
Aerial photo and satellite imagery 

Field survey and analysis of  
Geological structure 

Construction of Spatial database using GIS 
and Socio economic study 

Analysis of Landslide susceptibility using BPN 

Comparison and verification of the  
Landslide 

Susceptibility using landslide location 
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output values of the network. Once the training is complete, the network is used as 
a feed-forward structure to produce a classification for the entire data. 

A neural network consists of a number of interconnected nodes. Each node is a 
simple processing element that responds to the weighted inputs it receives from 
other nodes. The arrangement of the nodes is referred to as the network 
architecture (Fig. 2). 

The receiving node sums the weighted signals from all the nodes that it is 
connected to in the preceding layer. Formally, the input that a single node receives 
is weighted according to Equation (2). 

netj = ΣWij Oi                                                    (2) 

Where Wij represents the weights between nodes i and j, and oi is the output from 
node j, given by   

 Oj = f (netj)                                                     (3) 

The function f is usually a nonlinear sigmoid function that is applied to the 
weighted sum of inputs before the signal propagates to the next layer. One 
advantage of a sigmoid function is that its derivative can be expressed in terms of 
the function itself: 

f’(netj)=f(netj)*(1-f(netj))                                         (4) 

The network used in this study consisted of three layers. The first layer is the input 
layer, where the nodes are the elements of a feature vector. The second layer is the 
internal or “hidden” layer. The third layer is the output layer that presents the 
output data. Each node in the hidden layer is interconnected to nodes in both  
the preceding and following layers by weighted connections. 

Input layer Hidden  layer Output  layer 

O k

W ij Wjk
Landslide 
Hazard map GIS database

 

Fig. 2 Architecture of artificial neural network 

The error, E, for an input training pattern, t, is a function of the desired output 
vector, d, and the actual output vector, o, given by 

E=1/2∑ (dk-ok)                                                    (5) 
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The error is propagated back through the neural network and is minimized by 
adjusting the weights between layers. The weight adjustment is expressed as 

Wij (n + 1) = η (δjoi) + α Wij                                          (6) 

Where η is the learning rate parameter (set to η = 0.01 in this study), δj is an index 
of the rate of change of the error, and α is the momentum parameter. 

 
The factor δj is dependent on the layer type. For example,  

For hidden layers,                       δj = (∑δk wjk) f’ (netj)                                      (7) 

and for output layers,             δj = (dk-ok)) f’ (netk)          (8) 

 

Fig. 3 Landslide susceptibility map prepared using neural network 

This process of feeding forward signals and back-propagating the error is repeated 
iteratively until the error of the network as a whole is minimized or reaches an 
acceptable magnitude. Using the back-propagation training algorithm, the weights 
of each factor can be determined and may be used for classification of data (input 
vectors) that the network has not seen before. From Equation (3), the effect of an 
output, oj, from a hidden layer node, j, on the output, oj, from an output layer (node 
k) can be represented by the partial derivative of ok with respect to oj as  

∂ok / ∂ oj = f ‘(netk) × ∂ (netk)/∂oj = f ‘(netk) × Wjk                  (9) 

Equation (9) produces both positive and negative values. If the effect’s magnitude 
is all that is of interest, then the importance (weight) of node j relative to another 
node OJ in the hidden layer may be calculated as the ratio of the absolute values 
derived. 

6    Landslide Susceptibility Forecast Mapping and Verification 

The calculated landslide susceptibility index values computed using back 
propagation is converted into an ARC/INFO grid. Then a landslide susceptibility 



110 S. Prabu et al.
 

map is created. The final landslide susceptibility maps are prepared shown in 
Fig.3. Verification is performed by comparing existing landslide data with the 
landslide susceptibility analysis results of the study area.  

7   The Analytical Hierarchic Process 

The Analytical Hierarchy Process (AHP), a theory for dealing with complex, 
technological, economical, and socio-political problems is an appropriate method 
for deriving the weight assigned to each factor. Basically, AHP is a multi-
objective, multi-criteria decision-making approach to arrive at a scale of 
preference among a set of alternatives. AHP gained wide application in site 
selection, suitability analysis, regional planning, and landslide susceptibility 
analysis. 

Rank of 
each 
layer   *

Weightage for 
that layer   

Layers 

Overlaid map with 
Weightage value 

 

Fig. 4 Weighted overlay 

The AHP is employed to determine the effect of the data in this database in 
producing the landslide susceptibility map. With this method, the effect of the 
subgroups of the data layer and the effect value related to each other are 
quantitatively determined. It has been shown that the use of the AHP method 
produces a practical and realistic result to define the factor weights in the landslide 
susceptibility model. (Fig. 4). 

 

Fig. 5 Landslide hazard mapping through AHP (Weighted Overlay) 
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The table 1 shows that the ranks assigned to each layer based on their 
contribution to cause the landslide and weightages also assigned to each layer. 
Fig.4 shows the final landslide hazard map prepared through Analytical Hierarchic 
Process method. This map prepared based on the scores of each landslide causing 
factor multiplied with the weightages given for each factor based on contribution 
for causing landslide. In our chosen study area only three types of geology has 
been found so the ranks has been assigned starting from 2 to 4 and rainfall is the 
major factor for causing landslide in our area so the ranks have been assigned as 4 
(rainfall from 1000 to 1600mm) and 5 (1600 to 2800mm).  

The AHP allows the consideration of both objective and subjective factors in 
selecting the best alternative. Despite the widespread use of the AHP in diverse  
 

Table. 1 Weightages and Ranks assigned for each layers based on the contribution for the 
Landslide Cause 

Layer Weightage 

 

Class Rank 

in 5 point Scale 

0-8% 1 

8-15% 2 

15-30% 3 

30-60% 4 

Slope 40 

>60% 5 

Arable 4 

Forest 1 

Scrub and Grass 5 

Water Body 0 

Land use 36 

Builtup land 0 

1000-1200 4 

1200-1400 4 

1400-1600 4 

1600-2000 5 

2000-2400 5 

Rainfall 12 

2400-2800 5 

Ultramafic rocks (Mylonite) 2 

Fuchsite quartzite, schistose quartzite, sillimani 2 

Fissile hornblende biotite gneiss 2 

Hornblende-biotite gneiss 3 

Garnetiferous quartofeldspathic gneiss 3 

Felsite 3 

Metagabbro, Pyroxenite, Pyroxene granulite 4 

Geology 12 

Charnockite 4 
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decision problems, this multi-attribute approach has not been without criticisms. 
However, in fact, it is one of the most popular multi-criteria decision-making 
methodologies available today. Thus, the areas in which the AHP is applied are 
diverse and numerous. The popularity of the AHP is due to its simplicity, 
flexibility, ease of use and interpretation, etc. in analyzing complex decision 
problems. 

8   Conclusion 

Landslides are one of the most hazardous natural disasters, not only in India, but 
around the world. Government and research institutions worldwide have attempted 
for years to assess landslide hazards and their associated risks and to show their 
spatial distribution. An artificial neural network approach was used to estimate 
areas susceptible to landslides using a spatial database constructed through GIS 
for a selected study area. 

In this neural network method, it is difficult to follow the internal processes of 
the procedure. There is a need to convert the database to another format, such as 
ASCII, the method requires data be converted to ASCII for use in the artificial 
neural network program and later reconverted to incorporate it into a GIS layer. 
Moreover, the large amount of data in the numerous layers in the target area 
cannot be processed in artificial neural network programs quickly and easily. 
Using the forecast data, landslide occurrence potential can be assessed, but the 
landslide events cannot be predicted. The socio economic survey is used as one 
factor for this mapping will be an added advantage for producing accurate result 
with neural network method.  Finally, the neural network has proved as an 
efficient method for landslide mapping compared with other methods like 
analytical hierarchic process. 
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An Analysis of the Disturbance on TCP 
Network Congestion 

Mahdieh Shabanian, S. Hadi Hosseini, and Babak N. Araabi∗ 

Abstract. In this study, the disturbance and uncertainty on nonlinear and time 
varying systems as Active Queue Management (AQM) is analyzed. Many of 
AQM schemes have been proposed to regulate a queue size close to a reference 
level with the least variance. We apply a normal range of disturbances and 
uncertainty such as variable user numbers, variable link capacity, noise, and 
unresponsive flows, to the three AQM methods: Random Early Detection (RED), 
Proportional-Integral (PI) and Improved Neural Network (INN) AQM. Then we 
examine some important factors for TCP network congestion control such as 
queue size, drop probability, variance and throughput in NS-2 simulator, and then 
compare three AQM algorithms with these factors on congestion conditions. We 
present the performance of the INN controller in desired queue tracking and 
disturbance rejection is high. 

1   Introduction 

Congestion in Transmission Control Protocol (TCP) networks is the result of high 
needs for limited network resources. Moreover, when any high-speed links receive to 
one low-speed link, the congestion occurs. If the congestion continues, the undesired 
collapse phenomenon will occur. Active Queue Management (AQM) schemes are 
strategies which are implemented in routers to moderate TCP (Transmission Control 
Protocol) traffic. Random Early Detection (RED) is a popular method of an AQM 
scheme that presented by Floyd, and Jacobson in 1993 [2]. 

Although, this AQM is very simple and useful, however dynamics of the TCP 
networks are time-variant, and it is difficult to design RED parameters in order to 
obtain good performance under different congestion scenarios. In addition, it is 
difficult when we have any disturbance in TCP networks. 

Using the control theory, conventional controllers such as Proportional (P), 
Proportional-Integral (PI) [4], Proportional-Derivative (PD) [5], Proportional-
Integral-Derivative (PID) [6], and adaptive controller such as Adaptive Random 
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Early Detection (ARED) [7], have been designed as AQM methods. In practice, 
we show that, the choice of control parameters in these methods like RED is very 
difficult due to system uncertainty. 

Moreover, when any disturbance is combined with TCP network, setting the 
parameters is very difficult and often is impossible. Therefore, parameter values 
must be adjusted to adapt to operational changes. But, intelligent and heuristic 
adaptation methods such as fuzzy logic [8], [9], [10], and neural networks [11] is 
better than classic methods when there is disturbance in the system. In addition, 
most control-theoretic AQM designed for time-varying stochastic systems. 

The neural network controller can promptly adapt its operation to the nonlinear 
time-varying and stochastic nature of TCP networks. We consider a Multi Layer 
Perceptron (MLP) dynamic neural model because of its well-known advantages. 
For simplicity, a learning procedure by the gradient descent back-propagation 
(BP) method is derived [12]. Then for high adaptation against uncertainty and 
disturbance, we use the Improved Neural Network (INN) AQM [1]. 

In this study, a normal range of disturbance and uncertainty in TCP networks 
are explained and analyzed. The TCP system model of [14] is used. Performance 
of the proposed controller is evaluated via simulations in NS-2 environment. The 
advantages of our proposed method are illustrated with compared to RED and PI, 
the two common AQM methods. 

In the following section the dynamics of TCP/AQM networks in congestion 
avoidance mode is described. In Sect. 3, we describe INN AQM TCP congestion 
control with Adaptive Delta-Bar-Delta learning algorithm for this model. 
Simulation results and comparison between the effectiveness of the proposed 
controller with other controllers are given in Sect. 4. Finally, the paper is 
concluded in Sect. 5. 

2   Dynamics of TCP/AQM Networks 

A mathematical model of TCP that is developed in [3] using fluid-flow and stochastic 
differential equation is considered. A simplified version of the model is used, which 
ignores the TCP timeout mechanism, and it is described with (1) and (2). 
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Where W is the average TCP window size (packets) and q is the average queue 
length (packets). Both of them are positive and bounded quantities; i.e., 

],[ WoW ∈  and ],0[ qq ∈  where W  and q  denote maximum window size and 

buffer capacity respectively. Also N, C, Tp and R(t)=q(t)/C Tp are the load factor 
(number of TCP sessions), link capacity (packets/sec), propagation delay (sec) and 
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round-trip time (sec) respectively. Pd is the probability of packet marking or 
dropping due to AQM mechanism at the router and takes value in [0,1] . In 
defined differential equations, (1) describes the TCP window control dynamic and 
(2) models the bottleneck queue length [3]. The 1/R(t) term in the right hand side 
of (1) models the window’s additive increase and the term W(t)/2 models the 
window’s multiplicative decrease in response to packet marking. Queue length in 
(2) is modeled as difference between packet arrival rate N/R(t) and link capacity 
C. To design the controller (AQM), the small signal linearized model of these 
nonlinear dynamics is used. Assuming that the number of TCP session and link 
capacity is fixed and ignoring the dependence of time-delay argument t-R(t) on 
queue length, the perturbed variables about the operating point satisfy [3]: 
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3   Improved Neural Network AQM 

The block diagram of TCP congestion control with the INN AQM proposed is 
shown in Fig. 1 [1]. 

Fig. 1 INN AQM for TCP 
Congestion [1] TCP PlantImproved

Neural
Network

AQM
Z

q0 e

q(k)

-1

Z 1-

q(k-1)

P (k-1)c

cP (k)  q(k)

 

Our INN model includes three-layer perceptron with four input signals. The 
input vector of this neural network includes the error signal (e), queue size (q), as 
a feedback signal from system output, and the probability (Pd), as a feedback 
signal from neural models output. 

The weight matrix of this model is Wij that i is the number of neurons and j is 
the number of input signals. We improve the neural network training algorithm 
and combine gradient descent BP algorithm and Delta-Bar-Delta algorithm for 
adaptation of η [1]. 

ij
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Where J is our cost function and ]1,0[],1,0[,0 ∈∈> εβK  are constants. We 

show that the mentioned algorithm is better than previous methods in tracking 
TCP queue size. 

4   Simulations and Results 

We evaluate performance of the proposed INN AQM method via simulations 
using Network Simulator (NS-2). Dumbbell model for TCP Network is used as 
benchmark. In Fig. 2 a simple bottleneck link between two routers and numerous 
TCP flows is shown. 

Fig. 2 Dumbbell model for TCP 
network 
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The PI and RED AQM schemes are simulated and their results are compared. 
The parameters of the PI controller are given in [4] and the parameters of the RED 
are defined in [13]. PI parameters are: Ki=0.001, Kp=0.0015 and RED parameters 
are: ωq=0.0001, pmax=0.1, minth=50, and maxth=150. 

4.1   Simulation 1 

In this simulation, we use the nominal values known to controller parameters and 
compare three AQM Algorithms: INN, PI and RED. The scenario defined in [13] 
is as follows: Nn=50 TCP sessions (Si=Di=Nn), Cn=300 (packet/sec), Tp=0.2 (sec), 
therefore R0n=0.533 (sec) and W0n=3.2 (packets). The desired queue lengths is 
q0=100. Furthermore, the propagation links delay, Tp is used as a random number. 
In this case there is not any disturbance in the system. Simulation results are 
depicted in Fig. 3. 
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Fig. 3 Comparison of three AQM algorithms in nominal condition 

There is a direct relation between variation of queue lengths and congestion 
window size. Therefore, the reason of decreasing the variation of RTT is the low 
queue lengths variation around q0=100. In the PI controller, because of existence 
the integrator term in its structure, the amount of steady state error is zero. Also, 
the PI AQM has a fast response than the others. The PI controller has a minimum 
gain margin and phase margin. 

The RED algorithm has a low drop probability; because in this method, the 
queue size is regulated in higher value than the desired one and the packets are 
remained in queue buffer for long times. Moreover, the RED algorithm response is 
slow because it uses average function for computation the probability of the drop. 
In general, the aim of congestion control algorithm is regulation of queue length 
with the least variance. The INN controller regulates the queue response without 
overshoot and with the least variance. Furthermore, average drop probability in 
the INN controller is smaller than the PI. 

In Table 1, we show the average queue size, standard deviation (STD) queue, 
loss rate and throughput for three AQM in nominal condition that is result of 
simulation 1. 

Table 1 Compare three AQM algorithms in nominal condition 

 INN PI RED 

Average Queue Size 100.1961 99.5810 102.1215 

STD Queue 7.2533 8.3069 18.0892 

Loss Rate 0.0797 0.0830 0.0732 

Throughput 286.6679 286.6779 286.6879 

4.2   Simulation 2 

In this simulation we evaluate the robustness of the INN controller against 
variations in the network parameters. The numbers of sessions randomly change 
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by making some of them on/off during the simulations. Also, the sending rate is 
changed during the simulations. The number of TCP flows N is considered as a 
normally distributed random signal with mean 50, standard variance 10. 
Moreover, the link capacity is considered as a pulse signal, in this case it is 
increased from 2.4 Mb/s to 3Mb/s at 25th second and is decreased to 2.4 Mb/s at 
50th second. Once more it is decreased to 1.8 Mb/s at 75th second. Queue 
regulation and drop probability, window size and RTT are shown in Fig. 4. As it is 
shown, good queue regulation of the PI is in the expense of misusing the 
resources. The PI controller and RED algorithm have constant oscillatory 
behavior. The INN controller regulates the queue response without overshoot and 
the least variance. 
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Fig. 4 Comparison of three AQM algorithms in time-variant condition 

According to the formula (2), variations in link capacity causes step variations 
on queue lengths. Consequently, variations on queue size and RTT make Jitter in 
TCP network. Thus, our throughput in the network decayed. As it is shown in 
RED, the queue size is regulated in higher value than desired one and it has higher 
overshoot than the PI and INN controllers. And it is caused a smaller drop 
probability as compared with that of both controllers. Although, queue size 
regulation in the PI is done appropriately, the drop probability has higher value. 
The INN controller preserves the better performance rather than the PI and RED. In 
Table 2, the average queue size, STD queue, loss rate and throughput are shown.  

Table 2 Comparison of three AQM algorithms in time-variant condition 

 INN PI RED 

Average Queue Size 100.2455 99.3711 129.6914 

STD Queue 5.9310 11.8798 12.8271 

Loss Rate 0.1399 0.1450 0.1155 

Throughput 287.1779 287.1679 287.1779 
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4.3   Simulation 3 

In this simulation, in addition to change the number of users and link capacity, we 
consider that %5 of output packets of router is lost by noise. The used TCP Reno 
algorithm could not diagnosis more than one error for each RTT; consequently, 
throughput in network is decreased. In Fig. 5 queue regulation using the INN 
controller is significantly better than the PI and RED. Simulation results are 
depicted in Fig. 5. 
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Fig. 5 Comparison of three AQM algorithms in addition noise to system 

The queue length variation in the PI controller is much higher than INN 
controller. In the case of RED AQM, the queue length mean is far from the 
desired value. Consequently, the drop probability is smaller than both controllers. 
In Table 3 the average queue size, STD queue, loss rate and throughput are shown. 

Table 3 Comparison of three AQM algorithms in addition noise to system 

 INN PI RED 

Average Queue Size 100.7066 97.9920 122.1140 

STD Queue 6.3099 10.2066 15.8948 

Loss Rate 0.0897 0.0953 0.0704 

Throughput 286.4679 286.4779 286.7379 

4.4   Simulation 4 

In this simulation, in addition to change the number of users, link capacity and 
noise, we consider effect of unresponsive flows on performance of three used 
AQM schemes. UDP flows do not respond to the data lost because it does not 
have any acknowledgment. These flows decrease the network bandwidth, thus, the 
throughput decreases. Simulation results are depicted in Fig. 6. 
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Fig. 6 Comparison of three AQM algorithms in addition unresponsive flows to system 

As it is shown in Fig. 6 the predictive INN controller preserves a better 
performance than the PI and RED. Queue length with the PI controller is very 
fluctuant and it is mutable and far from the desired value using RED controller. 
Table 4 shows the average queue size, STD queue, loss rate and throughput. 

Table 4 Comparison of three AQM algorithms in addition unresponsive flows to system 

 INN PI RED 

Average Queue Size 101.3544 99.4575 169.8199 

STD Queue 7.6790 6.8038 17.4456 

Loss Rate 0.1342 0.1809 0.1382 

Throughput 291.1382 291.7183 291.9883 

5   Conclusions 

The neural network controller can promptly adapt its operation to the nonlinear 
time-varying and stochastic nature of TCP networks. We derived a learning 
procedure by adding Delta-Bar-Delta algorithm to the gradient descent BP 
method. 

We applied a normal range of disturbances such as noise and unresponsive 
flows, and usual uncertainty such as variable user numbers, variable link capacity, 
to the three AQM methods: RED, PI and INN and compared their operations on 
congestion conditions. We showed by adding the disturbance to TCP network 
plant, some of the factors in network change, and it is a good reason for 
congestion in TCP networks. 

Then we showed that INN as a heuristic and adaptive controller is able to 
control the revolted system. Moreover, our simulations show that the performance 
of the INN controller in desired queue tracking as well as disturbance and 
uncertainty rejection is high. In addition, the INN controller is better than classic 
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methods when there are a normal range of disturbance and uncertainty in the 
system. 

In the future work we will analyze the effect of higher disturbances and sudden 
uncertainty on the proposed AQM method. We also try to exploit the benefits of 
adaptive and classic controllers in a combined method. 
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RAM Analysis of the Press Unit in a Paper Plant Using 
Genetic Algorithm and Lambda-Tau Methodology 

Komal∗, S.P. Sharma, and Dinesh Kumar∗ 

Abstract. Reliability, availability and maintainability (RAM) analysis gives some 
idea to carryout design modifications, if any, required to achieve high perform-
ance of the complex industrial systems. In the present study two important tools 
namely Lambda-Tau methodology and genetic algorithms are used to build the 
hybridized technique GABLT (Genetic Algorithms based Lambda-Tau) for RAM 
analysis of these systems. Expressions of reliability, availability and maintainabil-
ity for the system are obtained by using Lambda-Tau methodology and genetic al-
gorithm is used to construct the membership function. A general RAM index is 
used for further analysis. Fault tree is used to model the system. The proposed ap-
proach has been applied to the press unit of the paper plant situated in north India 
producing 200 tons of paper per day. The computed results are presented to plant 
personnel for their active consideration. The results will be very helpful for plant 
personnel for analyzing the system behavior and to improve the system perform-
ance by adopting suitable maintenance strategies. 

Keywords: Reliability; Availability; Maintainability; Lambda-Tau methodology; 
Genetic algorithms. 

1   Introduction 

In a production plant, to obtain maximum output it is necessary that each of its sub-
system/unit should run failure free and furnish excellent performance to achieve de-
sired goals [1]. High performance of these units can be achieved with highly reliable 
subunits and perfect maintenance. Perfect maintenance means large capital input in 
the plant. So management personnel want minimum perfect maintenance to achieved 
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desired goals at minimum cost. So maintainability aspects must be included to 
achieve customer satisfaction and remain competitive. To this effect the knowledge 
of behavior of system, their component(s) is customary in order to plan and adapt 
suitable maintenance strategies. The behavior of such systems can be studied in terms 
of their reliability, availability and maintainability (RAM)[2]. RAM as an engineering 
tool evaluates the equipment performance at different stages in design process. The 
information obtained from analysis helps the management in assessment of the RAM 
needs of system. Factors that affect RAM of a repairable industrial system include 
machinery operating conditions, maintenance conditions, and infra-structural facili-
ties [3]. Analytical models become too complex for analyzing the interplay of the 
many different factors affecting RAM of repairable industrial systems. As industrial 
systems become more complex, it is not so easy to calculate RAM using collected or 
available data for the system as this is imprecise and vague due to various practical 
reasons. As these systems are repairable, failure rate and repair time of their compo-
nents are used to estimate RAM of these system. But it is a common knowledge that 
large quantity of data is required in order to estimate more accurately, the failure and 
repair rates. However, it is usually impossible to obtain such a large quantity of data 
in any particular plant due to rare event of component’s failure, human errors and 
economic restraints. These challenges imply that a new and pragmatic approach is 
needed to access and analyze RAM of these systems because organizational perform-
ance and survivability depends a lot on reliability and maintainability of its compo-
nents/parts and systems. Knezevic and Odoom [4] gave some idea to compute  
reliability and availability of the system by using limited, imprecise and vague data. 
But the problem through this approach is that as the number of components of the 
system increases or system structure becomes more complex, the calculated reliabil-
ity indices in the form of fuzzy membership function have wide spread i.e high uncer-
tainty due to various arithmetic operations used in the calculations [5,6]. It means 
these indices have higher range of uncertainty and can’t give exact idea about the sys-
tem’s behavior. To reduce the uncertainty level, spread for each reliability index must 
be reduced so that plant personnel can use these indices to analyze the system’s be-
havior and take more sound decisions to improve the performance of the plant. This 
suggests that spread of each reliability index must be optimized. Mon and Cheng [7] 
suggested a way to optimize the spread of fuzzy membership function using available 
software package. Variety of methods also exists for optimization and applied in 
various technological fields for various purposes [8-10]. Genetic algorithms (GA) 
have been widely used to solve the optimization problems [11,12]. Arslan and 
Kaya[13] used genetic algorithm  to determine the  membership functions in a fuzzy 
system. Huang et. al.[14] used GA for Bayesian reliability membership function con-
struction using fuzzy life time data. GA methods, which are basically random search 
techniques have been applied to many different problems like function optimization, 
routing problem, scheduling, design of neural networks, system identification, digital 
signal processing, computer vision, control and machine learning. Thus to optimize 
the spread of each computed fuzzy membership function up to a desired accuracy, 
GA can be used.  

Thus it is observed from the study that by using limited, vague and imprecise 
data of the system, RAM parameters may be calculated. The objective of the pre-
sent investigation is to develop an approach for assessing the effect of failure  
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pattern on a composite measure of RAM of a repairable system. In this paper, 
RAM analysis of the press unit of a paper industry is carried out using GA and 
Lambda-Tau methodology.  

2   GABLT Technique 

Assumptions of the model are: 

• component failures and repair rates are statistically independent,  
constant, very small and obey exponential distribution function; 

• the product of the failure rate and repair time is small (less than 0.1); 
• after repairs, the repaired component is considered as good as new. 

Here statistically independent means that the failure and repair of one component 
does not affect the failure and repair of other component but the overall perform-
ance of the system is affected [3]. Knezevic and Odoom [4] utilize the concept of 
Lambda-Tau methodology and coupled it with fuzzy set theory and Petri nets 
(PN). PN methodology is used to model the system while fuzzy set theory takes 
care of impreciseness in the data. Table 1 gives the basic expressions for failure 
rate and repair time associated with the logical AND-gates and OR-gates [15] used 
by them. Table 2 gives reliability indices for the repairable system RAM analysis 
used in the present study [3,16].  

Table 1 Basic expressions of Lambda –Tau methodology 
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Table 2 Reliability indices used for RAM analysis 
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But the problem through this approach is that as the number of components in 
the system increases or system structure become more complex, the calculated re-
liability indices in the form of fuzzy membership function have wide spread due to 
various arithmetic operations involved in the calculations [5]. GABLT overcome 
these problems and strategy followed through this approach is shown in Fig. 1. In 
GABLT technique system is modeled with the help of fault tree by finding min-
cut of the system and expressions for RAM are calculated using Lambda-Tau 
methodology. Since data for repairable industrial systems in the form of λ and τ 
are uncertain so taken as known fuzzy numbers (triangular). Fault-tree and fuzzy 
set theory can be seen in hybrid form in literature [17,18]. By using fuzzy λ and τ, 
upper boundary value of RAM indices are computed at cut level α in the process 
of membership function construction by solving the optimization problem(A). 

 

Fig. 1 Flow chart of GABLT technique    

Problem: 

Maximize/Minimize: ),...,,,,...,,/(
~

212,1 mntF τττλλλ  

Subjected to:     
αμ λ ≥)( x

i                                                     ...........................(A)  

                     
αμ τ ≥)( x

j                                                                                                                                    
                    10 ≤≤ α  

                    mjni ,....2,1,,.....2,1 ==       
The obtained maximum and minimum values of F are denoted by Fmax   and Fmin 
respectively.  

The membership function values of F
~

 at Fmax and Fmin are both α that is, 

                                          
αμμ == )()( min~max~ FF

FF  

Where ),....,,,...,,/(
~

2121 mntF τττλλλ is the time dependent fuzzy reliability 

index. Since the problem is of non-linear in nature and needs some effective  
techniques and tools available in literature to solve. 

In this paper GA [11] is used as a tool to find out the optimal solution of the 
above optimization problems. In the present analysis binary coded GA is  
used. The objective function for maximization problem and the reciprocal of the 
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objective function for minimization problem is taken as the fitness function. Rou-
lette-wheel selection process is used for reproduction. One-point crossover and 
random point mutation are used in the present analysis. To stop the optimization 
process maximum number of generations and change in population fitness value 
are used. 

3   RAM Index 

Rajpal et al.[2] used a composite measure of reliability, availability and maintain-
ability for measuring the system performance and named as RAM index. They 
used specific values of these parameters to calculate RAM index. In this study a 
time dependent ram index has been proposed and given in equation (1).  

RAM=W1×Rs(t) +W2× As(t) +W3×Ms(t) (1) 

Where Wi∈ (0,1),i=1,2,3. are weights such that 1
3

1

=∑
=i

iW . Rajpal et al.[2] used 

W=[0.36,0.30,0.34] to calculate the RAM index. Same values of W’s are used 
here. In this study reliability, availability and maintainability are in the form of 
fuzzy membership functions so RAM index itself comes as a fuzzy membership 

function in the form of triplet, MRA
~

=(RAML,RAMM,RAMR). The crisp value of 
the fuzzy membership function is given in equation (2). 

RAM=RAML+[(RAMM-RAML)+(RAMR-RAML)]/3 (2) 

This suggests that RAM∈ (0,1). 

4   An Illustration with Application 

Kumar [1] have analyzed and optimized system availability in sugar, paper and 
fertilizer industries. In the present study a paper plant situated in north India pro-
ducing 200 tons of paper per day, is considered as the subject of discussion. The 
paper plants are large capital oriented engineering system, comprises of subsys-
tems namely chipping, feeding, pulping, washing, screening, bleaching, produc-
tion of paper consisting of press unit and collection, arranged in complex  
configuration. The actual papermaking process consists of two primary proc-
esses: dry end operations and wet end operations. In wet end operations, the 
cleaned and bleached pulp is formed into wet paper sheets. In the dry end opera-
tions, those wet sheets are dried and various surface treatments are applied to the 
paper. The main components of a paper machine are headbox, wire section, press 
unit and drying section. Press unit, an important functionary part of the paper 
plant which has a dominant role in production of the paper is taken as the main 
system. Press unit consists of felt and top and bottom rolls as its main compo-
nents. The unit receives wet paper sheet from the forming unit on to the felt, 
which is then carried through press rolls and thereby reducing the moisture  
content to the extent.  
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The system consists of seven subunits with their fault tree shown in Fig. 2, 
where PSF, press system top failure event; E1, subsystem 1, felt; E2, subsystem 2, 
top roller;E3, subsystem 3, bottom roller; i = 1, felt; i = 2, 5, top, bottom roller 
bearing; i = 3, 6, top, bottom roller bending; i = 4, 7, top, bottom roller rubber 
wear. Under the information extraction phase, the data related to failure rate (λi) 
and repair time (τi) of the components is collected from present/historical records 
of the paper mill and is integrated with expertise of maintenance personnel as pre-
sented in Table 3 [1, 19].  

Table 3 Press unit component’s failure rate and repair time  

Press unit  

1λ =1× 10-4, 2λ = 5λ =1× 10-3, 3λ = 6λ =1.5× 10-3,  

4λ = 7λ =2× 10-3 (in failure /hrs) 

1τ  =5 , 2τ = 5τ =2 , 3τ = 6τ =3 , 4τ = 7τ =4  (in hrs)    

The data are imprecise and vague. To account the imprecision and uncertainty 
in the data, crisp input is converted into known triangular fuzzy number with 
±15% spread. As a case the failure rate and repair time for the felt (A) is shown in 
Fig. 3. 

GABLT technique has been applied and values of selected parameters for GA 
are given as: 

      Population size: 140 
      Chromosome size: 40 
      Probability of crossover (Pc): 0.8 
      Probability of mutation (Pm): 0.005 
      Number of generations: 50 

 

Fig. 2 Press unit fault tree              Fig. 3 Input data for GABLT corresponding to felt 
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Fig. 4 RAM of the press unit at time t=10 hrs 

For mission time 10 (hrs), computed reliability, availability and maintainability of 
the system have been plotted and shown in Fig. 4 along with Lambda-Tau results. 
The result shows that GABLT results have smaller spread i.e. lesser uncertainty 
and range of prediction. 

This suggests that GABLT is a better approach than Lambda-Tau. At different 
α-cuts (0,0.5,1)  system’s reliability, availability and maintainability curve for 0–
50(hrs) have been plotted by using GABLT technique and shown in  Fig. 5  along 
with their membership function at t=40, 15 and 10(hrs) respectively to show the 
behavior with different level of uncertainties. To see the behavior of RAM index 
against different uncertainty (spread) levels, a plot between spread from 0 to 
100(in %) and RAM index has been plotted and shown in Fig. 6. Figure shows 
that as uncertainty level increases RAM index decreases i.e. to achieve higher per-
formance of the system uncertainties should be minimize. Performance of the sys-
tem directly depends on each constituent subunits/components. So to check the 
performance and to analyze the effect of variation in failure rate and repair time of 
four main components of the press unit i.e. felt, roller bearing, roller bending and 
roller rubber wear at t=10 hrs by varying their failure rate and repair time each at a 
time and fixing failure rate and repair time of other components at the same time, 
on RAM index of the system are computed and shown in Fig. 7. Figure contains 
four subplots corresponding to four main components of the press unit. Each sub-
plot contains two subplots against variation in failure rate and repair time respec-
tively of the corresponding component without increase in other component’s  
failure rate and repair time. These plots show that when failure rate and repair 
time increases for felt then variation in RAM index of the system is almost same 
but for other components, RAM index decrease rapidly and corresponding  
maximum and minimum values are given in Table 4. 
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Fig. 5 Behavior of RAM of the press unit for long run time period at different level of un-
certainties 

 

Fig. 6 Variation in RAM index by varying uncertainty (spread) level from 0 to 100 (%) 

5   Discussion and Conclusion 

Fig. 4 clearly shows that GABLT technique results have smaller spread than 
Lambda-Tau results because GA provides solution near to optimal solution. The 
behavior of reliability, availability and maintainability of the system for long run 
period (0-50 hrs) using current conditions and uncertainties are shown by plotting 
these parameters in Fig. 5. Result shows that if current condition of equipments 
and subsystems are not changed then reliability of the system decreased rapidly 
while availability and maintainability behaves almost linear after certain time for 
long run period. Fig.7 and Table 4 suggest that to optimize RAM index of the sys-
tem, failure rate and repair time of its constituent components should be decrease. 
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Fig. 7 Effect on RAM index by varying failure rate and repair time corresponding to four 
main components of press Unit (a) Felt (b) Roller bearing (c) Roller bending (d) Roller 
rubber wear 

Table 4 Effect of variations in failure rate and repair time of components on RAM index  

Component Range of 
 failure rate 
(×10-3) 

 RAM index Range of 
repair 
time 

RAM index 

Felt 0.05-0.15 Max:0.94527 
Min: 0.94453 

2.5-7.5 Max:0.94536 
Min: 0.94443 

Roller bearing 0.50-1.5 0.94576080 
0.94390878 

1.0-3.0 0.946728113 
0.943010087 

Roller bending 0.75- 2.25 
 

0.94766977 
0.94209396 

1.5-4.5 0.94893066 
0.940582087 

Roller rubber 
wear 

1.0 – 3.0 
 

0.95062793 
0.93944597 

2.0-6.0 0.951832492 
0.937071309 

As an example if failure rate and repair time of roller rubber wear are deceased up 
to 50% then RAM index means performance of the system increased up to 0.8% 
of the current value. On the basis of results tabulated, it is analysed that to im-
prove the performance of the press unit, more attention should be given to the 
components in order roller rubber wear, roller bending, roller bearing and felt.  
These results of press unit will help the concern managers to plan and adapt suit-
able maintenance practices/strategies for improving system performance and 
thereby reduce operational and maintenance costs. Thus, it will facilitate the man-
agement in reallocating the resources, making maintenance decisions, achieving 
long run availability of the system, and enhancing the overall productivity of the 
paper industry. Apart from these advantages, the system performance analysis 
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may be utilized to conduct cost-benefit analysis, operational capability studies, in-
ventory/spare parts management, and replacement decisions. 

6   Managerial Implications Drawn 

This paper reports the reliability, availability and maintainability of the press unit in 
a paper mill by using GABLT technique a better approach than Lambda-Tau. This 
technique optimizes the spread of reliability indices indicating higher sensitivity 
zone and thus may be useful for the reliability engineers/experts to make more 
sound decisions. Plant personnel’s may be able to predict the system behavior more 
precisely and will plan future maintenance. 

In nutshell the important managerial implications drawn by using the discussed 
technique are: 

• to model and predict the behavior of industrial systems in more consis-
tent manner; 

• to improve the performance of the press unit, more attention should be 
given to the components in order roller rubber wear, roller bending, roller 
bearing and felt ;  

• to determine reliability characteristics (such as MTBF,MTTR) important 
for planning the maintenance need of the systems; 

• to plan suitable maintenance strategies to improve system performance 
and reduce operation and maintenance  costs. 
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A Novel Approach to Reduce
High-Dimensional Search Spaces for
the Molecular Docking Problem

Dimitri Kuhn, Robert Günther, and Karsten Weicker

Abstract. Molecular simulation docking has become an important contri-
bution to pharmaceutical research. However, in the case of fast screening of
many substances (ligands) for their potential impact on a pathogenic protein,
computation time is a serious issue. This paper presents a technique to reduce
the search space by keeping the ligands close to the surface of the protein.

1 Introduction

The development of novel drugs is a challenging and costly process in phar-
maceutical research. One key step of this process is the screening of large
libraries of chemical compounds for potential drug candidates interacting
with a particular protein or pathogen, often referred as target. A viable al-
ternative to the costly experimental screening by robots are virtual screening
(VS) techniques employing computational molecular docking methods given
the 3-D structure of the protein target is known. The major advantage of
these methods is to provide detailed information on the interactions between
the protein and the small compound (ligand). These information can sub-
sequently be used to improve potential drug candidates by computer aided
rational drug design.
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To solve the molecular docking problem, several approaches have been de-
veloped [4]. Though computational expensive, molecular docking simulations
have proven to be reliable techniques to predict a correct protein-ligand com-
plex. Assuming that the native protein-inhibitor complex corresponds to that
with the lowest calculated binding energy (ΔEBind), the correct prediction of
the resulting complex can be reformulated as an optimisation problem. In this
context, a small molecule (ligand) is docked onto a protein (receptor) to find
the optimal protein-ligand complex, which is characterised by the position, ori-
entation and shape of the ligand (pose). While the receptor is represented as a
rigid body, the ligand is treated as a flexible entity. More precisely, the binding
energy between the ligand and the protein can be computed for each possible
pose of the ligand and, thus, serves as an objective function for the minimisa-
tion process. However, the problem is to find the global minimum of the binding
energy function, which corresponds to the optimal protein-ligand complex.

This problem was often tackled by heuristics, genetic algorithms [5], and
other nature-inspired optimisation algorithms like particle swarm optimisa-
tions [6]. Though, quite successful in predicting the correct pose, several thou-
sand evaluation steps are needed to find the solution. However, computation
of ΔEBind at each step is computational demanding. As a consequence, any
new concept is welcome to tailor the algorithm to the problem in the sense
of the no free lunch theorems [11].

Here, we introduce a novel approach to lower the computational cost of
molecular docking simulation methods. In an preprocessing step the search
space for an evolutionary algorithms is trimmed down. This technique reduces
the number of unnecessary computing steps in the evolutionary optimization
and leads to rapid convergence nearby the optimal solution.

2 Motivation

The bottleneck of molecular docking simulations methods is the evaluation of
the binding energy ΔEBind at each simulation step. In AutoDock3 [5] (AD3),
which is one of the widely used docking programs of this type, ΔEBind is
computed according to eqn 1, where ri,j is the distance of two atoms.

ΔEBind = ΔEvdW
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The constants ΔE∗ denote empirically determined coefficients obtained by
linear regression over protein-ligand complexes with known binding ener-
gies [5]. In detail, the three terms ΔEvdW, ΔEhbond and ΔEelec represent
the in vacuo contributions of the binding energy: a 12-6-Lennard Jones dis-
persion/repulsion term; a directional 12-10 hydrogen bonding term, where
E(t) stands for a directional weight based on the angle t between the probe
atom and the target atom; and an electrostatic potential between the partial
charges q∗ of the ligand and the protein. As a measure for entropic factors,
a term proportional to the number of rotatable bonds in the flexible ligand
(Ntor) is added. Finally, a desolvation term describing the energy needed to
strip off water molecules upon binding is added based on Stouten parameters
[10]. The sums in this binding energy equation run over the indices i and j,
which are the atoms of both binding partners. For a protein, the number of
atoms can count up to several thousand.

The binding energy can be divided into two parts: (a) the interaction
energy between the protein and the ligand (intermolecular energy) and (b)
the internal energy of the small molecule (intramolecular energy). To save
computing steps, the intermolecular energy can be pre-calculated by a grid
based approach (see below). The actual intermolecular binding energy of the
ligand can then be determined by fast trilinear interpolation. Details on the
constants in eqn 1 and the description of the computing process can be found
in [5].

Figure 1 shows a standard problem instance – the HIV-1 protease. Here
it can be seen that the interesting places for the ligand cover only a
small fraction of the search space – a small corridor atop of the molecule’s

Fig. 1 The protein HIV-1 protease (pdb entry 1hvr, [2]) in surface representation.
The binding site is enclosed in a box representing the pre-computed grid maps
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surface. However the optimisation algorithm has only little guidance to stay
at the surface. The detailed analysis of the approach of [5] reveals, that
the ligand spends 97.5% of the time inside the protein wasting computing
steps.

The position of the ligand is a translation vector which places the ligand in
the three-dimensional space of the protein and its orientation is represented
as a quaternion. Thus, depending on the number of rotatable bonds in the
ligand (Ntor), the dimension of the search space is 3+4+Ntor. Consequently,
for docking of highly flexible ligands like peptides a high number of evalu-
ation steps is needed to find the correct protein-ligand complex. However,
in the context of VS studies, it is often sufficient to find a pose nearby the
optimal solution (hot spots), which can then be refined later on by a different
method.

If we turn our intention to a rather coarse search for such hot spots the
original approach of AD3 appears to be inefficient. As a consequence, this
paper investigates whether a reduction of the search space to the protein’s
surface might be a valuable improvement.

3 Search Space Reduction

3.1 Computing the Protein’s Surface

Based on the pre-computed grid maps we can derive for the n × n × n grid
points whether they are inside or outside of the molecule. This technique was
first developed by Kuhn [1] in this context. Using a modified breadth-first
search, we can compute the surface as the set of faces between grid points
inside and outside of the molecule. Each face is represented as the grid point
inside the molecule and the normalised vector directing to the grid point
outside the molecule.

The algorithm starts at a surface point and computes the adjacent faces on
the surface for each point. The faces are than connected as a graph. Figure 2
shows that there are only three possibilities for each of the four directions.
The corresponding algorithm is displayed in Figure 3 in pseudo code notation.

Fig. 2 Example for four
adjacent sectors in the
computation of the map
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Create-Map( rastered molecule G, energy threshold b)
1 map ← new Container ()
2 todo ← new Queue ()
3 r ← find a protein point at the surface in G
4 r.neighbrs ← ∅
5 todo.enqueue(r)
6 while ¬todo.isEmpty()
7 do � s ← todo.dequeue()
8 ngh ← findneighbours(G, s, b)
9 for each n ∈ ngh

10 do � if ¬map.contains(n)
11 then � if ¬todo.contains(n)
12 then � s.neighbrs ← s.neighbrs ∪ {n}
13 n.neighbrs ← n.neighbrs ∪ {s}
14 todo.enqueue(n)�
15 else � s.neighbrs ← s.neighbrs ∪ todo.find(n).neighbrs
16 newneighbrs ← todo.find(n).neighbrs ∪ {s}
17 todo.find(n).neighbrs ← newneighbrs���
18 map.insert(s)�
19 return map

Fig. 3 Algorithm to compute the surface map

Fig. 4 Generated surface model of the HIV-1 protease

Our algorithm guarantees that each entry in the map belongs to the surface
of the molecule. Note, that there might be various faces for the same grid
point which necessarily differ in the normalised vector. The resulting surface
for a cut-out of the HIV-1 protease protein is shown in figure 4. The direction
of each normalised vector is indicated by a little arrow.
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3.2 Optimising along the Surface

Concerning the optimisation phase, there are different feasible approaches.

• Application of a simple optimisation scheme to demonstrate the feasibility
of the approach.

• Develop a well-adapted algorithm for fast optimisation within the surface
graph.

• Construct an additional intermediate decoding step which enables the
usage of a standard evolutionary algorithm on the graph representation.

Within the scope of this paper, we are interested in the general benefit of the
approach for hot spot detection, i.e. we are interested in finding the regions
of a protein with which the ligand might interact with a high probability.
As a consequence we want a fast algorithm to place the ligand at promising
positions – the detailed conformation of the ligand is of subordinate interest.

Therefore, we decided to follow a simple optimisation approach to show
feasibility. We used a (30, 180)-evolution strategy as the general course of the
optimisation algorithm. The subsequent paragraphs present the key decisions
concerning the genotype, the mutation operator, and the overall optimisation
process.

Based on the description in the standard approach of AD3, each individual
is represented by the face of the surface s, a small offset to adjust the position
of the ligand with respect to the face (x, y, z), the quaternion q for the ori-
entation and the torsion angles ti of the rotatable bonds. This is illustrated
in figure 5.

Though we have increased the number of dimensions by 1 compared to
the standard approach, we reduce the search space significantly by limiting
it to a corridor around the surface. The mutation operator has to change
all four elements of the genotype shown in figure 5. Concerning the offset,
the quaternion, and the torsion angles we rely on the standard mechanism of

Fig. 5 Representation of the individual with the face s of the surface, an additional
small offset (x, y, z), the quaternion q for the orientation of the ligand, and the
torsion angles ti
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Mutate-Position( individual A)
1 u ← generate random number from N (0, σface )
2 stepnumber ← �|u|�
3 for i ← 1, . . . , s
4 do � dir ← select uniform randomly direction
5 A.position ← move (A.position, dir)�

Fig. 6 Part of the mutation operator to change the position on the surface of the
protein—the self-adaption of the strategy parameter σface is not shown

the evolution strategies [8, 7]. However, the face is changed according to the
algorithm shown in figure 6, which is a random walk on the surface consisting
of a randomly determined number of steps controlled by the parameter σfacet .

In the first instance, we have experimented with fixed values for σface .
But in most docking experiments better results could be reached with a self-
adaptive step size σface – additional to the step sizes for the other search
space dimensions.

Note, that the effective step size is considerably smaller than the value u
in the algorithm since the random walk can reverse the direction. Neverthe-
less, the mechanism has proven to be a valid means to cover a broad area
around the current face without anomalies in the distribution. A better in-
tegrated mutation operator for the position of the ligand is currently under
development.

In a future intermediate optimisation step we will embed the surface
graph in a two-dimensional plane. The aim is to assign each point of a two-
dimensional grid to a node of the surface graph. Furthermore, there need
to be at least one point for each node. The neighbouring structure should
be reflected by the embedding function. Then we can use a two-dimensional
standard evolution strategy to determine the point in the surface by interpo-
lation. This enables standard step sizes instead of the rather unusual approach
chosen by the current simple mutation approach.

4 Results

In this section we compare the results of our algorithm with the Lamarckian
genetic algorithm by Morris et. al. [5] which uses the local optimiser of Solis
and Wets [9].

The algorithms are tested on two standard benchmarks:

• Protein 1hvr (HIV-1 protease) with the ligand xk2A [2]. Here, the ligand
has 10 torsion angles and the best known fitness value for ΔEBind is -21.4
kcal/mol.

• Protein 3ptb (Beta-Trypsin) with ligand benA [3]. The ligand has 0 torsion
angles and the best known fitness value is -8.18 kcal/mol.
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Fig. 7 Results for the 1hvr
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Fig. 8 Results for the 3ptb

For 1hvr the result of 50 optimisation runs using the Lamarckian GA as well
as the self-adapting algorithm is shown in figure 7.

The self-adaptive algorithm reaches a fitness level of -10 kcal/mol already
after 20,000 evaluations where the Lamarckian algorithm needs more than
35,000 evaluations. This relation holds also approximately for the fitness val-
ues for the best runs. This result shows the benefit of the new technique:
approximately 50% time resources can be saved for hot spot detection. It
also shows how well the adaptation of the torsion angles works together with
the mutation of the current face.

The performance gain of the algorithm is less pronounced for ligands that
only rely on the positioning of the ligand. The 3ptb problem is a good example
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for this case. Figure 8 shows the results. Here we have chosen the simple
mutation with a fixed value σface which led to better results than the self-
adaptive algorithm. On average, the algorithm is still slightly faster than the
Lamarckian GA, but the fitness values of the best runs show clearly that the
Lamarckian GA solves the problem better than the new algorithm using the
surface of the protein. Since this problem instance relies on the positioning of
the ligand only, this shows that the mutation operator needs to be improved.
In fact, the approach to determine the actual maximum step size using a
random variable N (0, σface) and then use this value for random steps leads
to rather small step sizes.

5 Conclusion and Outlook

The general sensibility of the new approach has been shown by the exper-
iments using the 1hvr protein. However, the results indicate also that the
algorithm needs further improvement for two reasons:

• The positioning is not accurate enough to deal with a problem like 3ptb.
As a consequence the surface graph is sought to be embedded in a two-
dimensional plane which enables standard operators and an improved
positioning of the ligand.

• An analysis of the invalid function evaluations shows that there are still
95.2% evaluations of ligands being partly inside of the protein. Therefore,
a mechanism needs to be developed that keeps the ligands outside of the
protein at first (using the normal vectors of the facets) and then starts
to let the ligands sink slowly onto the protein’s surface. Here are many
alternative algorithms and approaches possible, which will be examined in
the near future.

The main contribution of this article is the demonstration that the surface
of a protein may be computed and used successfully to improve the docking
process employing an adaptive evolutionary strategy. Considering the total
number of evaluation steps needed to reach a promising pose nearby the
optimal solution, our algorithm clearly performs better in both cases. Thus,
if the focus is on pre-screen a huge library of up to several million compounds
for promising candidates, the approach presented here can save computing
time significantly. The resulting drug candidates can then be investigated
employing other, even more computational demanding docking methods.
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GA Inspired Heuristic for
Uncapacitated Single Allocation Hub
Location Problem

Vladimir Filipović, Jozef Kratica, Dušan Tošić, and Djordje Dugošija�

Abstract. In this article, the results achieved by applying GA-inspired
heuristic on Uncapacitated Single Allocation Hub Location Problem (US-
AHLP) are discussed. Encoding scheme with two parts is implemented, with
appropriate objective functions and modified genetic operators. The article
presents several computational tests which have been conducted with OR-
LIB instances. Procedures described in related work round distance matrix
elements to few digits, so rounding error is significant. Due to this fact, we
developed exact total enumeration method for solving subproblem with fixed
hubs, named Hub Median Single Allocation Problem (HMSAP). Computa-
tional tests demonstrate that GA-inspired heuristic reach all best solutions
for USAHLP that are previously obtained and verified branch-and-bound
method for HMSAP. Proposed heuristic successfully solved some instances
that were unsolved before.

1 Introduction

The past four decades have witnessed an explosive growth in the field of
network-based facility location modelling. The multitude of applications in
practice is a major reason for the great interest in that field. Computer and
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telecommunication networks, DHL-like services and postal networks, as well
as transport systems can be analyzed as a hub network. All those systems
contain a set of facilities (locations) that interact with each other, and with
given distance and transportation cost. Instead of serving every user from
its assigned facility with a direct link, hub network allows the transportation
via specified hub facilities. Hubs serve as consolidation and connection points
between two locations. Each node is allocated to one or more hubs and the
flow from one node to another is realized via one or more hub facilities. Using
switching points in the network and increasing transportation between them
the capacity of the network can be used more efficiently. This strategy also
provides lower transportation cost per unit.

There are various model formulations proposed for the problem of choos-
ing subset of hubs in the given network. They involve capacity restrictions
on the hubs, fixed cost, predetermined number of hubs and other aspects.
Two allocation schemes in the network can be assumed: single allocation and
multiple allocation concept.

In the single allocation hub location problem each node must be assigned
to exactly one hub node so that all the transport from (to) each node goes
only through its hub. Multiple allocation scheme allows each facility to com-
municate with more than one hub node. If the number of switching centers is
fixed to p, we are dealing with p-hub problems. Capacitated versions of hub
problems also exist in the literature, but the nature of capacities is different.
The flows between hubs or between hubs and non-hubs can be limited. There
are also variants of capacitated hub problems that consider limits on the flow
into the hub node, through the node or fixed costs on hubs. One review of
hub location problems and their classification can be found in [5, 6].

2 Mathematical Formulation

Consider a set I = {1, ..., n} of n distinct nodes in the network, where each
node denotes to origin/destination or potential hub location. The distance
from node i to node j is Cij , and triangle inequality may be assumed [6]. The
transportation demand from location i to j is denoted with Wij . Variable
Xik = 1 if the node i is allocated to hub established at node k. Therefore,
Xjj = 1 ⇔ j is hub. Otherwise, if node i is not allocated to hub at node k,
variable Xik = 0.

Each path from source to destination node consists of three components:
transfer from an origin to the first hub, transfer between the hubs and finally
distribution from the last hub to the destination location. In this, single
allocation hub problem, is assumed that the flow from certain node involving
only one hub node in all transportation. Parameters χ and δ denote unit costs
for collection (communication from origin to the first hub) and distribution
(communication from last hub to destination), while α represents transfer
cost among hubs. The objective is location hub facilities to minimize the
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total flow cost. The fixed cost for establishing hub node j is denoted with fj .
Using the notation mentioned above, the problem can be written as:

min
∑

i,j,k,l∈N

Wij(χCikXik + αCklXikXjl + δCjlXjl) +
∑

j

Xjjfj (1)

subject to ∑
k

Xik = 1, for every i (2)

Xkk − Xik ≥ 0 for every i, k (3)

Xik ∈ {0, 1} for every i, k (4)

The objective function (1) minimizes the sum of the origin-hub, hub-hub and
hub- destination flow costs multiplied with χ, α and δ factors respectively.
Equation (2) forces single allocation scheme - each node is assigned to exactly
one hub, and equation (3) allows that particular node can be assigned only
to established hub.

3 Previous Work

Several methods for solving this problem are described in the literature [2, 3].
Due to the fact that this problem is NP hard, it is shown that its subprob-
lem Hub Median Single Allocation Problem - HMSAP is NP hard [6], many
authors recognized that good results can be obtained by applying evolution-
ary inspired solving strategies. In paper [1] several variants of hybridization
Genetic algorithm and Tabu search are proposed. Obtained results are pre-
sented on CAB problem instances (from ORLIB, described in [4]). In paper,
there isn’t any result obtained by applying proposed hybrid algorithms on
AP ORLIB instances.

Paper [11] proposed more advanced GA method for solving USAHLP. Pro-
posed method uses more efficient representation, better initialization (initial
number of hubs in item is set with more realism) and advanced crossover
operator that is well suited to the problem domain. However, in this paper
(it was also the case with previous methods) proposed GA method uses the
simplest selection operator - proportional selection. Authors in [11] publish
obtained results for both CAB and AP instances.

Paper [7] describes SATLUHLP heuristic that solves USAHLP. Heuristic
SATLUHLP is hybrid of Simulated annealing and Tabu search. That heuristic
is divided into three levels: the first level is to determine the number of hubs;
the second level is to select the hub locations for a given number of hubs;
and the third level is to allocate the non-hubs to the chosen hubs. Presented
results are obtained by testing on ORLIB instances (CAB and AP) and those
results are compared with [11].
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4 Proposed GA Heuristic Method

Genetic algorithms (GAs) are problem-solving metaheuristic methods rooted
in the mechanisms of evolution and natural genetics. The main idea was
introduced by Holland [9], and in the last three decades GAs have emerged
as effective, robust optimization and search methods.

4.1 Representation

Each gene of individual represents one node. Particular gene contains of two
parts. The first part is 1 or 0 - it indicates if hub is established at correspond-
ing node, or not. Second part contains number from set {0, 1, . . . , n−1}. That
number specifies which hub is assigned to fixed non-hub node. Naturally, ev-
ery hub is assigned to itself. For instance, if non-hub node is assigned to the
closest hub, then there will be 0 in the second part. Furthermore, if non-hub
node is assigned to hub that is more distant to node than closest hub, but
less distant than any other hub, there will be number 1 in second part of
genetic code, etc.

The first part of genetic code is generated in random manner. Due to the
fact that less distant hubs should be more often selected during generation,
it is preferable that second part of genetic code contains large number of
zeros. To accomplish that, probability that the first bit in each gene will be
set to 1 is 1.0/n. Bits that follows will have probability to be set to one
equals to the half of its predecessor probability - e.g. 0.5/n, 0.25/n, 0.125/n,
... respectively.

4.2 Objective Function

Fitness of the individual is calculated according to following procedure:

• First part of each gene gives indexes of established hubs.
• After set of established hubs is obtained, array of established hubs will be

sorted (for each non-hub node) in ascending order, according to distance
to that specific non-hub node.

• Element that corresponds to specific non-hub node is extracted from sec-
ond part of every gene. If extracted element has value r (r = 0, 1, ...,
n− 1), then r-th element of (adequately) sorted array will be index of the
hub which is specific node assigned to.

• Now, objective value (and fitness of individual) is obtained simply by sum-
ming distances source-hub, hub-hub and hub-destination, multiplied with
load and with corresponding parameters χ , α and δ.

Sorting of established hubs array according to distance, for each individual,
takes part in every generation and that requires the processor’s extra work.
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However, the obtained results confirm our estimate that the processor’s extra
work has very little influence on overall time of algorithm execution.

4.3 Genetic Operators

Genetic operators are designed in following way:

• GA uses FGTS [8] as selection operator. Parameter Ftour, that governs
selection method is not changed during execution of GA, and its value
is 5.4. That value is experimentally obtained. Moreover, FGTS selection
with Ftour = 5.4 behave very well in solving some similar problems.

• After selection, one-position crossover operator has been applied. Prob-
ability of crossover is 0.85, which means that about 85% individuals in
population will produce offsprings, but in approximately 15% cases
crossover will not take part and offsprings will be identical to its par-
ents. Crossover point is chosen on the gene boundary. Therefore, there is
no gene splitting.

• Evolutionary method uses simple mutation, which pseudo randomly
changes one bit in both parts of every gene. Mutation levels are differ-
ent in different parts. The first bit in every gene mutates with probabil-
ity 0.6/n. The second bit in each gene mutates with probability 0.3/n
and subsequent bits mutate with probability that is half of its prede-
cessor mutation probability (0.15/n , 0.075/n , 0.0375/n , 0.01875/n,
etc. ).

During GA execution, sometimes happens that all individuals in pop-
ulation have same bit at specified position. Such bits are known as
frozen bits. If number of frozen bits is l, then search space becomes 2l

times smaller and probability of premature convergence quickly rises.
Selection and crossover can not change frozen bit. Probability of clas-
sic mutation is often too small to successfully restore lost subregions
in search space. On the other side, if probability of classic mutation
is significant, GA pretty much behave like pure random search proce-
dure. Therefore, mutation probability will be increased only for frozen
bits. In this GA, probability of mutation for frozen bits in first part
is two and half times higher than probability for non-frozen bits, it is
1.5/n. Probability of mutation for frozen bits in second part is one and
half times higher comparing to non-frozen counterparts, so it is 0.225/n,
0.1125/n, 0.055625/n, etc. Reason for lower mutation probabilities for
bits in second part is importance that second part mainly contains ze-
ros. In section that describes representation is already highlighted that
zero in second part represents the nearest hub to specific non-hub node.
Obtained experimental results also justifies probability setting that is
described.
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4.4 Other GA Aspects

There are many aspects (beside representation, objective function and ge-
netic operators) that have significant influence on GA performance. Most
important among them are:

• Population has 150 individuals. Number of individuals does not increase
nor decrease during GA execution.

• GA uses steady-state replacement policy and elitist strategy - 100 best
fitted individuals (e.g. elite individuals) are directly transferred into new
generation and its fitness remains the same and should not be recalculated.

• Duplicate individuals are removed in every generation during GA execu-
tion. This is accomplished by setting fitness value of duplicated individual
to zero, so that individual won’t be selected to pass into new generation
during selection phase. On that way, genetic diversity is preserved and
premature convergence has very small probability.

• Sometimes, during GA execution it happens that individuals with the
same fitness value but different genetic code dominate the population. If
genetic codes of such dominating individuals are similar, it can bound GA
execution to some local extremum. In order to avoid similar situations,
we decided to limit the number of individuals with the same fitness and
different genetic code. In the current implementation, that number is 40.

• GA execution is stopped after 1000 generations when larger instances are
solved, or after 500 generations on small size USAHLP instances. Algo-
rithm is also stopped if best individual does not improve its value during
200 generations.

• Furthermore, performance of GA is improved by cashing GA [10] and cash
size is 5000.

• Previously described representation, initialization, selection and mutation
prevent creation of incorrect individuals, so there is no need for some
special correction.

5 Computational Results

Algorithms are tested on ORLIB instance set, taken from [4].
CAB (Civil Aeronautics Board) data set is based on information about civil

air traffic among USA cities. It contains 60 instances, with up to 25 nodes
and up to 4 hubs. In this instances is assumed that unit costs for collection
and distribution (χ and δ) is 1. Results of the proposed GA implementation
(just like implementations described in [7, 11]) obtain optimal solution for
all instances, with extremely short execution times. Therefore, results on
CAB instances are omitted from this paper and can be downloaded from
http://www.matf.bg.ac.yu/˜vladaf/Science/USAHLP/cab.txt.
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Data for AP (Australian Post) set are obtained from Australian Post Sys-
tem. AP contains up to 200 nodes that represent postal areas. Smaller size
AP instances are obtained by aggregation of the basic, large, data set. Dis-
tances among cities fulfill triangle inequality, but load is not symmetric at
all. AP also includes fixed price for hub establishment. Suffix ”L” in in-
stance name will indicate that fixed costs are light, and suffix ”T” will in-
dicate heavy fixed costs. Larger AP instances, that are significantly larger
and therefore more difficult, make that algorithm executes for longer time.
Those instances will more likely give us better look on overall behavior of
algorithm.

However, a new problem arises there: results (e.g. obtained solutions) that
are described in paper [11] are sometimes significantly different to solutions
that are obtained by proposed GA method. In direct, personal communica-
tion, we asked the author to help us to determine possible reasons for the
observed differences. In his answer, Topcuoglu speculates that the reason
for this is an accumulated rounding error, because he rounded the distance
matrix to three decimal places. Results that are published in [7] are not com-
pletely identical to results that gives proposed GA method, but difference is
much smaller comparing to [11], since distances are rounded up to six decimal
places.

In order to completely clear up dilemmas, we decided to obtained exact
solution of USAHLP subproblem, called Hub Median Single Allocation Prob-
lem - HMSAP. HMSAP problem is similar to USAHLP, but hubs are fixed. In
other words, HMSAP should make assignment of hubs to non-hub nodes so
overall traffic cost is minimal. Once when we get set of established hubs (note
that all algorithms in comparison got the same set of established hubs), we
obtained hub assignment by solving HMSAP problem with classical enumer-
ation algorithm. It is widely known that such algorithm guaranties optimality
of obtained solution.

Algorithms are executed on the computer with AMD Sempron 2.3+ pro-
cessor, which works at 1578 MHz clock and have 256 MB memory. During ex-
periments, computer works on UNIX (Knoppix 3.7) operating system. There
were activated all C compiler optimizations during compiling, including AMD
processor optimization. Proposed GA was executed 20 times for each problem
instance.

Table 1 shows experimental results that are obtained by proposed GA
method, results obtained by HMSAP and results presented in [7, 11]. First
column identifies AP instance that is solved. Best solution obtained by GA
is presented in column GA.best. Column t contains average time (expressed
in seconds) that GA needs to obtain best solution, and column ttot contains
average time (also expressed in seconds) for finishing GA. In average, GA
finishes after gen generations.

Quality of obtained solution is quantified as average gap (denoted as
avg.gap and expressed in percents) and it is calculated by following formula:
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avg.gap = 1
20

20∑
i=1

gapi , where gapi represent gap that is obtained during i-th

execution of GA on specific instance. Gap is calculated in respect to optimal
solution Opt.sol (if it is already known): gapi = soli−Opt.sol

Opt.sol
100 . In cases

where optimal solution is not known in advance, gap is calculated in respect
to best found solution Best.sol: gapi = soli−Best.sol

Best.sol 100 . Tables also con-
tain standard deviation of the gap (denoted as σ) and it is calculated on the

following way: σ = 1
20

√
20∑

i=1

(gapi − avg.gap)2.

Column Hubs gives information about established hubs. Column HM-
SAP Enu contains information about obtained exact solution of the
subproblem when hubs are fixed and next column contains time that enu-
meration algorithm spent in order to obtain solution. Columns Topcu. and
Chen. contain Topcuoglu’s and Cheng’s results.

If there is abbreviation ”n.t.” in table cell, it means that problem instance
is not tested. Abbreviation ”n.n” means that solving was not necessary - for
instance if there is only one established hub, assignment is trivial and it is not
necessary to solve HMSAP problem. Abbreviation ”n.f” means that algorithm
did not finished its work, and ”time” indicates that execution lasted more
than one day.

All the cells in Table 1, where differences are so significant that can not be
easily explained only by accumulation of rounding error, are bolded. There
is also some chance that those differences are generated by some differences
in downloaded AP problem instances, or by inadequate aggregation.

Papers [7, 11] present results only for AP instances with χ = 3, α = 0.75
and δ = 2, so Table 1 contains data for direct comparison among proposed
GA, Topcuoglu’s algorithm and Cheng’s algorithm. Results of proposed GA
and HMSAP Enu algorithm on AP instances with different values for χ, α
and δ can be downloaded from address http://www.matf.bg.ac.yu/

˜vladaf/Science/USAHLP/ap.txt.
Data in Table 1 indicate that, whenever exact enumeration algorithm ob-

tain the solution, proposed GA also obtained the same solution. In some
cases, for example 120T instance, when number of established hubs is small,
HMSAP Enu finishes its work quicker than GA, but HMSAP Enu solves
only subproblem with fixed established hubs. Furthermore, we can notice
four cases where execution of enumeration algorithm lasted extremely long,
but GA implementation obtained solution during very small amount of
time.

GA implementation is also comparable in terms of running time with
Topcuoglu and Chen methods. Note that running time of the GA increases
at smaller rate than in [7, 11]. For example, for n=200, GA running time is
approximately 20 seconds, while Topcuogly is 3000 seconds and Chen is 180
seconds.



GA Inspired Heuristic for USAHLP 157

Table 1 Results for comparison GA and HMSAP Enu on AP instances with
χ = 3, α = 0.75, δ = 2

Inst. GA.best t[s] ttot[s] gen avg.gap[%] σ[%] Hubs HMSAP Enu t[s] Topcu. Chen.

10L 224250.055 0.009 0.101 217 0.000 0.000 3,4,7 224250.055 0.04 224249.82 224250.06

10T 263399.943 0.020 0.113 249 0.000 0.000 4,5,10 263399.943 0.07 263402.13 263399.95

20L 234690.963 0.016 0.206 216 0.000 0.000 7,14 234690.963 0.11 234690.11 234690.96

20T 271128.176 0.029 0.213 229 0.909 1.271 7,19 271128.176 0.11 263402.13 271128.18

25L 236650.627 0.035 0.275 228 0.000 0.000 8,18 236650.627 0.20 236649.69 236650.63

25T 295667.835 0.004 0.233 201 0.000 0.000 13 n.t. n.n. 295670.39 295667.84

40L 240986.233 0.101 0.554 244 0.221 0.235 14,28 240986.233 1.90 240985.51 240986.24

40T 293164.836 0.069 0.500 231 0.000 0.000 19 n.t. n.n. 293163.38 293164.83

50L 237421.992 0.298 0.904 298 0.327 0.813 15,36 237421.992 4.16 237420.69 237421.99

50T 300420.993 0.008 0.592 201 0.000 0.000 24 n.t. n.n. 300420.87 300420.98

60L 228007.900 0.415 1.205 306 0.546 0.919 18,41 228007.900 7.93 n.t. n.t.

60T 246285.034 0.231 1.016 258 0.356 1.593 19,41 246285.034 7.54 n.t. n.t.

70L 233154.289 0.451 1.489 286 0.000 0.000 19,52 233154.289 9.84 n.t. n.t.

70T 252882.633 0.360 1.397 269 0.000 0.000 19,52 252882.633 9.88 n.t. n.t.

80L 229240.373 1.143 2.397 383 1.143 1.286 22,55 229240.373 21.34 n.t. n.t.

80T 274921.572 0.633 1.818 300 0.249 0.765 5,41,52 274921.572 4455 n.t. n.t.

90L 231236.235 0.919 2.463 319 0.841 0.865 26,82 231236.235 87.23 n.t. n.t.

90T 280755.459 0.437 1.934 257 0.133 0.395 5,41 280755.459 16.64 n.t. n.t.

100L 238016.277 1.382 3.221 349 0.381 0.757 29,73 238016.277 69.69 238017.53 238015.38

100T 305097.949 0.365 2.180 239 0.000 0.000 52 n.t. n.n. 305101.07 305096.76

110L 222704.770 3.025 5.205 478 1.430 1.611 32,77 222704.770 7 045 n.t. n.t.

110T 227934.627 2.604 4.761 438 4.846 5.774 32,77 227934.627 6 718 n.t. n.t.

120L 225801.362 2.304 4.775 384 0.392 0.778 32,85 225801.362 2 896 n.t. n.t.

120T 232460.818 3.440 5.913 475 1.741 2.972 32,85 232460.818 2 934 n.t. n.t.

130L 227884.626 3.563 6.661 428 1.098 1.037 36,88 n.f. time n.t. n.t.

130T 234935.968 3.108 6.181 399 0.398 0.459 36,88 n.f. time n.t. n.t.

200L 233802.976 11.521 19.630 482 0.398 0.815 43,148 n.f. time 228944.77 228944.18

200T 272188.113 10.981 19.221 463 0.326 0.215 54,122 n.f. time 233537.93 233537.33

6 Conclusions

In this article, we introduced a GA-inspired heuristic that solves the US-
AHLP by simultaneously finding the number of hubs, the location of hubs,
and the assignment of nodes to the hubs. The assignment part (HMSAP) is
successfully verified by the results of branch-and-bound method for all cases
where exact HMSAP solution can be obtained in reasonable time.

In proposed method, two-part encoding of individuals and appropriate
objective functions are used. Arranging located hubs in non-decreasing order
of their distances from each non-hub node directs GA to promising search
regions. We have used the idea of frozen bits to increase the diversity of
genetic material by mutation. The caching technique additionally improves
the computational performance of GA.

Extensive computational experiments indicate that the proposed method is
very powerful and that the medium-size and large-size USAHLP instances can
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be solved within a twenty seconds of computing time for sizes attaining 200
nodes. Such results imply that the GA may provide an efficient metaheuristic
for real world USAHLP and related problems.

Hence, our future work could also concentrate on the speed-up of the algo-
rithm by taking advantage of parallel computation and on GA hybridization
with exact methods.
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Evolutionary Constrained Design of Seismically 
Excited Buildings: Sensor Placement 

Alireza Rowhanimanesh, Abbas Khajekaramodin,  
and Mohammad-Reza Akbarzadeh-T.1 

Abstract. Appropriate sensor placement can strongly influence the control per-
formance of structures. However, there is not yet a systematic method for sensor 
placement. In this paper, a general method based on a proposed constrained GA is 
suggested to optimally place sensors in structures. The optimal placement scheme 
is general for passive, active and semi-active controls and it does not depend on 
the control strategy and nonlinear dynamics of the control system. Due to low 
cost, high reliability, control effectiveness as well as installation simplicity, accel-
eration type sensors are considered. The proposed method is applicable to new or 
existing buildings, as the accelerometer placement is trivial. The efficiency of 
proposed method is evaluated on the benchmark building for placement of 5 and 3 
sensors. The results show that the performance of control system with 5 and even 
3 optimally placed sensors is at least 8% better than the original benchmark build-
ing design with 5 sensors. Generally, the proposed method is a simple and effi-
cient practical approach to achieve improved performance using the fewest num-
ber of instruments.  

1   Introduction 

Seismic loads such as earthquakes and strong winds might excite the civil structures 
and create sever damages. Thus, designing a system that can protect and control 
structures against these natural hazards is valuable. The first proactive research on 
control of structures began by Yao in early 1970s [1]. From its beginning to present, 
three major control schemes including passive, active and semi-active were intro-
duced, among which the semi-active approach is the most efficient and recent. From 
a control paradigm perspective, these control approaches can also be divided into 
conventional and intelligent approaches. Prior research by authors such as in Row-
hanimanesh et al. (2007) [2-3], Khajekaramodin et al. (2007) [4], Akbarzadeh-T and 
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Khorsand (2005, 2006) [5-7] and Rezaei, Akbarzadeh-T et al. (2003) [8] can be 
placed in the latter category.  

One of the challenging problems in the area of structural control is the optimal 
placement of actuators and sensors that is often done through an ad hoc process, 
without any systematic method. However, appropriate placement can strongly in-
fluence the performance of control system and significantly minimize the costs. In 
most of control system designs, acceleration sensors are used with respect to their 
worthy practical potentials. In comparison with actuators, sensors especially ac-
celerometers can be relocated easily after design and construction of structure. 
Thus, optimal placement of sensors, that is the main topic of this paper, could be 
applied for all constructed or under-construction structures to improve the per-
formance and efficiency of control system. Generally, optimal placement of sen-
sors and actuators is an approach to reach to the best performance using the least 
of instruments, thus it could reduce the costs and increase the efficiency of struc-
tural control system. Some of the previous works are briefly reviewed in continue.  

Martin et al. (1980) [9] considered the placement of active devices in structures 
for modal control. Lindberg at al. (1984) [10] discussed the appropriate number 
and placement of devices based on modal control. Vander Velde et al. (1984) [11] 
focused on structural failure modes to place the devices, and some other works 
performed by Ibidapo (1985) [12] and Cheng et al. (1988) [13]. Most of these 
methods are often problem specific. Takewaki (1997) [14] used a gradient-based 
approach to search for an optimal placement. Teng et al. (1992) [15] and Xu et al. 
(2002) [16] developed an incremental algorithm and Wu et al. (1997) [17] used 
both iterative and sequential approaches. Zhang et al. (1992) [18] and Lopez et al. 
(2002) [19] proposed sequential search methods for optimal damper placement. 
The main problem of these methods is converging to local optima. Simulated an-
nealing as a guided random search was employed to place devices by Chen (1991) 
[20] and Liu (1997) [21]. Although these methods could solve the problem of lo-
cal optima, they couldn’t always provide general and efficient techniques. Finally, 
the most recent approaches have focused on evolutionary algorithms such as ge-
netic algorithms (GA). Simpson et al. (1996) [22] used GAs to optimize the 
placement of actuators for a specific active control problem. Ponslet et al. (1996) 
[23] employed a GA approach to design an isolation system. Abdullah (2001) [24] 
combined GA and a gradient-based optimization technique for optimal placement 
of controllers in a direct velocity feedback control system. Li (2001) [25] have de-
veloped a multilevel GA to solve a multitasking optimization problem. Singh et al. 
(2002) [26] considered the placement of passive devices in a multistory building. 
Wongprasert et al. (2004) [27] employed GA for identifying the optimal damper 
distribution to control the nonlinear seismic response of a 20- story benchmark 
building. Tan (2005) [28] used GA to propose an integrated method for device 
placement and active controller design. Akbarzadeh-T (the third author) and 
Khorsand (2005, 2006) [5-7] applied meta-level multi-objective GA as well as 
evolutionary quantum algorithms in structural design. Cimellaro et al. (2007) [29] 
considered the optimal placement of dampers via sequential search and concepts 
of optimal control theory.  Authors in 2007 [2-3] placed the actuators optimally on 
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 the 20-story benchmark building using a new constrained GA. Beal et al. (2008) 
[30] placed sensors optimally for structural health monitoring using generalized 
mixed variable pattern search (MVPS) algorithm.  

Regarding the sensor placement problem, the constraints are often simpler than 
actuator placement. In [2-3], we have proposed a new constrained GA to handle the 
constraints using a new interpretation function, but the computational load of the 
constraint handling method is too complex and not efficient for sensor placement 
since simpler and faster methods are expected. As discussed in section 2.2, un-
doubtedly the best method for constraints handling is direct approach using pre-
served operators which is much more efficient and faster than indirect constraint 
handling. But in most cases such as actuator placement problem [2-3], finding  
preserved operators is too difficult or even impossible such that we have to use in-
direct approach. In contrast, in this paper we propose very simple preserved cross-
over and mutation operators to provide much simpler, faster and more efficient  
approach to sensor placement. To evaluate the efficiency of the proposed approach, 
we apply the benchmark building introduced by Ohtori et al. in 2004 [34]. Many 
other papers have also evaluated their results on this benchmark building [2-4, 27 
and 36]. The efficiency of the proposed method is evaluated on 5 and 3 sensor 
placement tasks in a 20 story building. The results indicate that the performance of 
control system with 5 and even 3 optimally placed sensors is at least 8% better than 
the performance of original benchmark building design with 5 sensors. 

2   Optimal Placement of Sensors 

2.1   Defining the Optimization Problem 

From the optimization perspective, optimal placement of sensors is a constrained, 
nonlinear and binary optimization problem. These difficulties are explained in two 
parts. A) The problem is binary and constrained. A decision variable is defined as 
the availability of sensor in a given floor (a binary variable), 1 means a sensor is 
located on the given floor and 0 means that there is not any measurement there. 
For example for a 20-story building, there are 20 decision variables. As mentioned 
before, regarding the practical advantages of accelerometers, in this paper, we 
suppose that only acceleration of some of the stories is measured. With respect to 
the practical and economical considerations, designers often try to achieve the de-
sired performance by measuring only the accelerations of limited number of 
floors. Thus, in practice the total number of sensors is restricted which is a linear 
constraint. Generally, these constraints are the most common ones for sensor 
placement which are shown in Table 1. The proposed method can successfully 
deal with these constraints, however if there are different linear or nonlinear con-
straints including equalities or inequalities, the proposed method can be simply 
modified. B) The problem is nonlinear, discrete and not analytical. The analytical 
relation could not be extracted simply and precisely between the configuration of 
sensors as an input and a control objective as an output. The input space is dis-
crete; the objective functions often use the operators such as maximum or absolute 
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value that they are not analytical. The model of the structure is a system of nonlin-
ear differential equations that must often be solved numerically. Furthermore,  
because of complexity and nonlinearity of the problem, the method must be able 
to seek the global optima. For these reasons, derivative-based and local optimizers 
can not be performed. In this paper, we propose constrained GA to solve this prob-
lem since handling constraints in GA is a big challenge. 

Table 1 Constraints for Optimal Sensor Placement 

1 Xi: binary {0,1} 

2 X1+ X2+… +Xn=Ntot 

2.2   Constrained GA 

As mentioned in [31-33], there are two major approaches for handling constraints 
in GA: A. Direct constraint handling which contains four methods: 1.eliminating 
infeasible candidates, 2. repairing infeasible candidates, 3. preserving feasibility 
by special operators, 4. decoding such as transforming the search space. Direct 
constraint handling has two advantages. It might perform very well, and might 
naturally accommodate existing heuristics. Because the technique of direct con-
straint handling is usually problem dependent, it has several disadvantages. De-
signing a method for a given problem may be difficult, computationally expensive 
and sometimes impossible. B. Indirect constraint handling: Indirect constraint 
handling incorporates constraints into a fitness function. Advantages of indirect 
constraint handling are: generality (problem independent penalty functions), re-
ducing problem to ‘simple’ optimization, and allowing user preferences by select-
ing suitable weights. One of disadvantages of indirect constraint handling is loss 
of information by packing everything in a single number and generally in case of 
constrained optimization, it is reported to be weak. Generally, one of the best ap-
proaches for handling constraints in GA is using preserved operators that create 
feasible solutions, this means that with a feasible initial population, GA could 
search on the feasible space. A difficulty is finding some suitable and efficient 
preserved operators that sometimes it is nearly impossible.  

2.3   Proposed Constrained GA 

In this paper, an innovative constrained GA is proposed based on new preserved 
crossover and mutation operators to handle the constraints of Table 1 efficiently and 
very simply. The optimal scheme provides the third type of direct constraint han-
dling. The structure of proposed constrained GA is presented in Figure 1. Each gene 
determines the availability of sensor in a given floor, 1 means a sensor is located on 
the given floor and 0 means that there is not any measurement there. So, the length 
of a chromosome is equal to the number of stories of the building. The type of GA is 
binary. The initial population is random and feasible. It means that each chromo-
some satisfies the constraints of Table 1. According to Figure 1, the fitness evalua-
tion contains 3 stages. Regarding the given chromosome which determines the  
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specific placement of sensors, first an LQG controller is designed. Then the closed 
loop control system is excited by 10 seconds of El Centro earthquake. The response 
of the controlled structure as well as the value of cost function is calculated. This 
cost determines the fitness of the given chromosome. After selection, the preserved 
crossover and mutation create the next feasible generation, therefore GA always 
searches in feasible space. The proposed preserved crossover consists of 4 levels. 
First, two chromosomes are selected as parents. Regarding any given pair, there are 
4 types of cylinders. The proposed crossover just works on two types 1-0 and 0-1. 
According to Figure 1, the 1-0 and 0-1 cylinders are determined. Then 50% of each 
type is randomly selected and in continue the genes are exchanged between two par-
ents of each selected cylinder. As you can see, the mentioned operations keep the 
feasibility of the chromosomes. The result is two feasible offspring chromosomes. 
Regarding Figure 1, the proposed preserved mutation is really simple. A 1-0 or 0-1 
pair is randomly selected from the chromosomes of a population. Then 1 is switched 
to 0 and 0 is switched to 1. This operation keeps the feasibility of the product. The 
suggested preserved operators are very simple and efficient. The method is general 
for all types of structural control problems and it is independent from the dynamics 
and strategies of control system. 

3   Benchmark Building 

To evaluate the efficiency of the proposed method, a 20-story benchmark building 
introduced in 2004 [34] has been used. The benchmark building definition paper 
has introduced three typical steel structures, 3-, 9-, and 20-story. The main pur-
pose of introducing benchmark buildings is to provide a basis for evaluating the 
efficiency of various structural control strategies. Hence, numerical model of 
benchmark structures as well as Matlab files have been mentioned and discussed 
in the paper [34]. Also, 17 criteria with 4 historical earthquakes have been intro-
duced for evaluation. Furthermore, practical constrains and conditions of control 
system have been stated such as sensor noise, sample rate, A/D and D/A charac-
teristics, capacity of actuators and etc. Finally, a sample LQG active control  
system has been designed based on acceleration feedbacks. 

3.1   Sample LQG Control System 

In the benchmark paper, the LQG controller has been designed based on reduced-
order linear model of 20-story nonlinear benchmark structure. The 25 active actua-
tors are placed and 5 feedback measurements are provided by accelerometers lo-
cated at some various locations on the structure. The active actuators are assumed 
to be ideal and the dynamics of them are neglected. In the sample control system 
of benchmark paper, the placements of sensors and actuators are not optimal.  
The acceleration sensors are located on stories 4, 8,12,16,20 that are shown in 
Figure 3. As it is indicated in the following, this distribution is not optimal. In this 
paper, the proposed method is performed on the benchmark paper sample control 
system  
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to achieve the optimal placement of sensors. The process is shown in Figure 1. All 
the conditions are as same as the benchmark paper and only the placement of sen-
sors is optimized. The results demonstrate that using proposed method, better per-
formance of the sample control system could be achieved only with optimal  
configuration of 5 sensors. Next, the proposed method is applied for placement of 
3 acceleration sensors. The results show that the performance of control system 
with 3 optimally placed sensors is 8% better than the performance of benchmark 
sample control system with 5 sensors.  

 

 

Fig. 1 Proposed constrained GA (top), Proposed preserved crossover (middle), Proposed 
preserved mutation (bottom) (Ntot=3) 

4   Simulation Results 

The following figures show the results of evaluation. First, the proposed method 
is applied to place 5 acceleration sensors optimally (Figure 3). The characteristics 
of GA are mentioned in Table 2. The proposed method used the first 10  
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seconds of El Centro earthquake that is a far-field earthquake. The cost function 
is MPA (maximum of peak of absolute value) of drifts among 20 stories when the  
benchmark building is excited by the first 10s of El Centro earthquake. In this 
study, the objective is minimization of story drifts. Other objectives such as accel-
eration or hybrids can be used. Moreover it is better to perform both near-field 
(like Kobe) and far-field (like El Centro) earthquakes. Figure 2 shows the conver-
gence of the proposed evolutionary method. Next, the optimal solution was tested 
on 50s of two far-field (El Centro, Hachinohe) and two near-field (Northridge, 
Kobe) historical earthquakes. 

Table 2 Characteristics of GA which is used in the simulation 

Type of GA Binary , Single-objective 
Mutation rate Fixed 0.3, New Preserved Mutation 
Crossover New Preserved Crossover 
Population size 20  
Selection Keep 50% , give high probability to better individuals 
Elitism 1 elite 
Initial Population Random , Feasible 
Objective Minimizing max of peak of abs of drifts 

The optimal placement scheme has also been performed for placement of 3 sen-
sors (Figure 3). The results were compared and indicate that the performance of 
control system with 3 optimally placed sensors is 8% better than the performance 
of benchmark paper’s sample control system with 5 sensors. The results in  
Figure 4 demonstrate that using proposed method higher degree of performance 
could be achieved from the existing sensors without adding any extra instrumenta-
tion. Also, as a matter of fact, the proposed method is a simple and efficient  
approach to achieve the best performance using the least of instruments. 

 

Fig. 2 Convergence of the Proposed Constrained GA – (relative cost = MPA of proposed 
placement / MPA of benchmark placement), Left: 5 sensors (optimal cost: 0.9171), Right: 3 
sensors (optimal cost: 0.9259) 
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Fig. 3 Optimal placement of sensors: proposed method vs. benchmark paper 

 
Fig. 4 Benchmark paper (dotted) vs. proposed method (solid): The results of evaluating the 
optimal placement scheme using 4 historical benchmark earthquakes 

 



Evolutionary Constrained Design of Seismically Excited Buildings 167
 

5   Conclusion 

In this paper, we propose a general evolutionary approach for optimal sensor 
placement with handling the practical constraints. To handle constraints, we pro-
pose new preserved GA operators. The method is simple, efficient and flexible 
enough for passive, active and semi-active structural controls with any intelligent 
or conventional control strategy. It also allows the designer to consider all dynam-
ics of control system. The results indicate the success of the method to improve 
the performance of the benchmark sample control system. In this work, we just 
considered minimization of drifts as the objective and only a far-field earthquake, 
El Centro, was used. For real designs, the designer is highly recommended to con-
sider minimization of both drift and acceleration versus at least one near-field and 
one far-field earthquakes. In fact, the proposed approach is a simple and efficient 
way to achieve the higher performance of control system using the fewer instru-
ments, lower cost and without adding any extra device.  

References 

1. Yao, J.T.P.: Concept of structural control. ASCE J. Stru. Div. 98, 1567–1574 (1972) 
2. Rowhanimanesh, A., Khajekaramodin, A., Akbarzadeh, T.M.-R.: Evolutionary con-

strained design of seismically excited buildings, actuators placement. In: Proc. of the 
First Joint Congress on Intelligent and Fuzzy Systems, ISFS 2007, Mashhad, Iran, Au-
gust 29-31 (2007) 

3. Rowhanimanesh, A.: Intelligent control of earthquake-excited structures, B.Sc. Thesis, 
Department of Electrical Engineering, Ferdowsi University of Mashhad, Iran (2007) 

4. Khajekaramodin, A., Haji-kazemi, H., Rowhanimanesh, A., Akbarzadeh, T.M.-R.: 
Semi-active control of structures using neuro-inverse model of MR dampers. In: Proc. 
of ISFS 2007 (2007) 

5. Khorsand, A.-R., Akbarzadeh, T.M.-R.: Multi-objective Meta Level GA for Structural 
Design. accepted for publication at the Journal of Franklin Institute (March 2006) 

6. Akbarzadeh, T.M.-R., Khorsand, A.-R.: Evolutionary Quantum Algorithms for Struc-
tural Design. In: Proc. of the 2005 IEEE Conf. on Systems, Man and Cybernetics, pp. 
3077–3081 (2005) 

7. Akbarzadeh, T.M.-R., Khorsand, A.-R.: Multi-objective Meta Level Soft Computing 
Based Evolutionary Design of Large-Scale Structures. In: Proc. of the 2005 World 
Congress on Fuzzy Logic, Soft Computing and Computational Intelligence, IFSA, pp. 
1286–1293 (2005) 

8. Rezaei-Pajand, M., Akbarzadeh, T.M.-R., Nikdel, A.: Active Structure Control by 
Online Earthquake Movement Prediction using Neural Networks. In: Proceedings of 
the Conference on Intelligent Systems (in Farsi), Mashhad, Iran, October 14-16, pp. 
651–661 (2003) 

9. Martin, Soong: Modal control of multistory structures. Journal of Engineering Me-
chanics, 613–623 (1980) 

10. Lindberg Jr., R.E., Longman, R.W.: On the number and placement of actuators for in-
dependent modal space control. J. Guid. Control Dyn., 215–221 (1984) 

11. Vander Velde, W.E., Carignan, C.R.: Number and placement of control system com-
ponents considering possible failures. J. Guid. Control Dyn. 7(6), 703–709 (1984) 



168 A. Rowhanimanesh, A. Khajekaramodin, and M.-R. Akbarzadeh-T.
 

12. Ibidapo, O.: Optimal actuators placement for the active control of flexible structures. J. 
Math. Anal. Appl., 12–25 (1985) 

13. Cheng, F.Y., Pantelides, C.P.: Optimal placement of actuators for structural control. 
Technical Rep. No. NCEER-88-0037, Multidisciplinary Center for Earthquake Engi-
neering Research, Buffalo, N.Y. (1988) 

14. Takewaki, I.: Optimal damper placement for minimum transfer function. Earthquake 
Eng. Struct. Dyn., 1113–1124 (1997) 

15. Teng, J., Liu, J.: Control devices optimal installment for the new vibration control sys-
tem of multi-structure connection. In: Proc. 10th WCEE, pp. 2069–2072 (1992) 

16. Xu, Y.L., Teng, J.: Optimal design of active/passive control devices for tall buildings 
under earthquake excitation. Struct. Des.Tall Build., 109–127 (2002) 

17. Wu, B., Ou, J.-P., Soong, T.T.: Optimal placement of energy dissipation devices for 
three dimensional structures. Eng. Struct. 19, 113–125 (1997) 

18. Zhang, R.H., Soong, T.T.: Seismic design of viscoelastic dampers for structural appli-
cation. J. Struct. Eng., 1375–1392 (1992) 

19. Lopez, G., Soong, T.T.: Efficiency of a simple approach to damper allocation in 
MDOF structures. J. Struct. Control, 19–30 (2002) 

20. Chen, G.S., Bruno, R.J., Salama, M.: Optimal placement of active/passive control of 
flexible structures. AIAA, 1327–1334 (1991) 

21. Liu, X.J., Begg, D.W., Matravers, D.R.: Optimal topology/actuator placement design 
of structures using SA. J. Aerosp. Eng., 119–125 (1997) 

22. Simpson, M.T., Hansen, C.H.: Use of genetic algorithms to optimize vibration actuator 
placement or active control of harmonic interior noise in a cylinder with floor struc-
ture. Noise Control Eng., 169–184 (1996) 

23. Ponslet, E.R., Eldred, M.S.: Discrete optimization of isolator locations for vibration 
isolation system. In: Proc. AIAA, NASA, and ISSMO Symp. on Multi-Disciplinary 
Analysis and Optimization,Technical Papers, Part II, pp. 1703–1716 (1996) 

24. Abdullah, M.M., Richardson, A., Hanif, J.: Placement of sensors and actuators on civil 
structures using genetic algorithms. J. Earthquake Eng. Struct. Dyn., 1167–1184 
(2001) 

25. Li, Q.S., Liu, D.K., et al.: Multi-level design model and genetic algorithm for struc-
tural control system optimization. J. of Earthquake Eng. and Structural Dynamics, 
927–942 (2001) 

26. Singh, M.P., Moreschi, L.M.: Optimal placement of dampers for passive response con-
trol. Earthquake Eng. Struct. Dyn. 31, 955–976 (2002) 

27. Wongprasert, N., Symans, M.D.: Application of a genetic algorithm for optimal 
damper distribution within the nonlinear seismic benchmark building. J. Eng. Mech., 
401–406 (April 2004) 

28. Tan, P., Dyke, S.J., et al.: Integrated Device Placement and Control Design in Civil 
Structures Using Genetic Algorithms. J. of Structural Eng., 1489–1496 (October 2005) 

29. Cimellaro, G.P., Retamales, R.: Optimal softening and damping design for buildings. 
J. of Structural Control and Health Monitoring, V 14(6), 831–857 (2007) 

30. Beal, J.M., Shukla, A., Brezhneva, O.A., Abramson, M.A.: Optimal sensor placement 
for enhancing sensitivity to change in stiffness for structural health monitoring. Journal 
of Optimization and Engineering 9(2), 119–142 (2008) 

31. Craenen, B.G.W., Eiben, A.E., van Hemert, J.I.: Comparing Evolutionary Algorithms 
on Binary Constraint Satisfaction Problems 

32. Santos, A., Dourad, A.: Constrained GA applied to Production and Energy Manage-
ment of a Pulp and Paper Mill 



Evolutionary Constrained Design of Seismically Excited Buildings 169
 

33. Schoenauer, M., Xanthakis, S.: Constrained GA optimization. In: Proceedings of the 
5th International Conference on Genetic Algorithms, Urbana Champaign (1993) 

34. Ohtori, Y., Christenson, R.E., Spencer Jr., B.F., Dyke, S.J.: Benchmark Control Prob-
lems for Seismically Excited Nonlinear Buildings. J. of Eng. Mechanics, 366–385 
(April 2004) 

35. Haupt, R.L., Haupt, S.E.: Practical Genetic Algorithms. John Wiley & Sons, Inc., 
Chichester (2004) 

36. Kim, et al.: Optimal Neurocontroller for Nonlinear Benchmark Structure. J. of Eng. 
Mechanics (2004) 



J. Mehnen et al. (Eds.): Applications of Soft Computing, AISC 58, pp. 171 – 180. 
springerlink.com                                  © Springer-Verlag Berlin Heidelberg 2009 

Applying Evolution Computation Model to the 
Development and Transition of Virtual Community 
under Web2.0 

Huang Chien-hsun and Tsai Pai-yung∗ 

Abstract. Under Web2.0, everyone is the content producer and consumer concur-
rently. The users’ contribution to the environment is the key element to enrich the 
content. The connection among the individuals forms the social network, and be-
come the virtual community which is socially open to every individual who wants 
to share information and join the community. The anticipation of the web compa-
nies in the open environment of Web2.0 is to have a bigger-and-better community. 
However, in the present phase of development, there are still many questions re-
maining, such as, will the virtual communities be expanded like the anticipation? 
Is the inference correct? In this paper, we propose a novel method to conduct the 
research based on the Particle Swarm Optimization (PSO). By simulating the be-
haviors of the individuals in the communities, we are able to demonstrate that 
there’s a limitation of the community development in the Web 2.0 environment. 

1   Introduction 

The concept of "Web 2.0" is proposed by Tim O'Reilly [7]. The conclusion of the 
article is that “Network effects from user contributions are the key to market 
dominance in the Web 2.0 eras.” In other words, Web 2.0 is not only a technology, 
but also an attitude [10]. It’s about enabling and encouraging participation through 
“open” applications and services. The term “open” not only means technically 
open with appropriate APIs, but also emphasizes the importance of socially open, 
with rights granted to use the content in new and exciting context. Paul Miller [6] 
attempts to extract some of the important principles about Web 2.0. 

The social network in the Web2.0 community is established based on interests 
and benefits. In other words, computer networks are social network [13]. Strong 
relationships as well as weak ties within people exist in the networks. It is espe-
cially useful for maintaining contact with “weak relationship” persons and group. 
Because weak ties are more socially heterogeneous than strong ties, they connect 
people to diverse social milieus and provide a wider range of information [3].   
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When the community is established, in order to attract new members to join 

this community and gather more information, the users try to build connections 
with other person by providing content in the initial phase. The state of the indi-
viduals will change over time when interaction built. And will the size of virtual 
society under web2.0 tend to unlimitedly growing? In fact, the link in the commu-
nity needs physical cost. When the users can’t afford the cost, the community de-
velopment is constraint limiting. The community wouldn’t expand scale-free. [14] 
The relationships between the individuals would become too much burden to sus-
tain or continually expand. So how to make a decision about lasting relationship is 
a phenomenon we might want to observe. 

Being affected by the whole society, the individuals will make human society 
decision. Our study applied PSO (Particle Swarm Optimization) to refer to indi-
viduals’ human society decision. By using the PSO methodology, we propose a 
novel way to conduct this research. Starting from the aspect of users, we consider 
the human society decision to probe the evolution of the communities in the 
Web2.0 environment. By simulating the behavior of individuals in the communi-
ties, we try to observe the change of the communities through time. The experi-
ment result shows that there’s a limitation of the community development in the 
Web 2.0 environment. 

The outline of this paper is as follows. In Section 2, we review the related work in 
the existing literature to orient the readers on the main idea of this paper. In Section 3, 
we describe the proposed simulation process of the experiment. Section 4 presents 
experiment result. The final section draws the conclusion of this paper. 

2   Related Work 

To orient the readers on the main concepts of this paper, we will review the  
following key concepts: social network and virtual community, particle swarm  
optimization (PSO) and the behavior of community through PSO methodology. 

2.1   Social Network and Virtual Community 

Social network [1] is social architecture constructed by many vertices which usu-
ally represent the individual or organization, and the social network represents the 
varying kinds of social relationships. It connects the individuals and the organiza-
tions through different social relationships. By designing a simulation experiment, 
we can analyze the interaction and effects between individuals. When computer 
networks connect people and organizations, they are the infrastructure of social 
network. We can infer the link between individuals as social network on the inter-
net, which Rheingold [8] describes it as “Virtual Community.” 

Stanley Milgram [5] proposed the general idea about Six Degrees of Separa-
tion. The formal Six Degrees of Separation theory [4] is a description of the 
Small-world phenomenon in the society. For all these networks, there are con-
straints limiting the addition of new links [14], and there are two classes of factors 
to address this viewpoint. The first one is about aging of the vertices. This fact 
implies that even a very highly connected vertex will, eventually, stop receiving 
new links. The vertex is still part of the network and contributing to network  
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statistics, but it no longer receives links. Second, the other factor is the cost of 
adding links to the vertices or the limited capacity of a vertex. 

But why people intend to accept this concept? The Small-world phenomenon 
does exist, just like Kahneman and Tversky propose that concept of availability 
heuristic [12]. People tend to accept the experience that they had been through. 
Rather than living in a “small, small world,” we may live in a world that looks like 
a bowl of lumpy oatmeal, with many small worlds loosely connected and perhaps 
some small worlds not connected at all [5]. Just like the “lumpy oatmeal”  
phenomenon, six could be a big number. 

In the social network, the probability of forming the link with every individual 
is not equal. The neighbor is easier to get to know each other. So in our simula-
tion, the relationship of direct link only exists among individual and its neighbor-
ing vertices in the scope of its energy called the first layer. And the link other than 
the first layer forms the indirect link through the vertices of first layer.  

In our study, on the internet environment, the concept of community not only 
exists in the specified area, but also exists based on the same hobby and interest. 
The interaction and the connection of individuals are established to form the  
virtual community. 

2.2   Particle Swarm Intelligence 

The society is a combination of individuals, or we can call “swarm.” The interac-
tion between the individual and the environment or between the individuals, which 
uses the bounded information to develop dynamic group behaviors, forms the 
swarm intelligence. In the computational intelligence area, there’re algorithms 
been proposed based on swarm intelligence, and Particle Swarm Optimization 
(PSO) is one of them. Particle Swarm Optimization (PSO) is a technology of evo-
lutionary computation created by Eberhart and Kennedy [11]. The concept of 
PSO, which comes from the analogy with the society which is similar to genetic 
algorithm, is a kind of tool based on the evolution of iterations. 

An important feature of PSO is that the particles have their own memory. The 
information-sharing mechanism is different from Genetic Algorithm (GA). PSO 
initialize a swarm of random particles, finding the optimum toward the step of it-
eration. Particles adapt themselves toward following two “Best Value” in each it-
eration. One is the current optimum found by particle itself called pBest, another 
one is the current optimum found by the whole swarm called gBest. 

When finding the two “Best Value”, the particles adapt their current velocity 
and position based on following formula: 

( ) ( )1 2Vnew current pBest present gBest presentWeight V c RV P P c RV P P= × + × × − + × × −  (1) 

Vnew present newP P= +  (2) 

In equation (1), V is the velocity of the particle; P is the position of the particle. 
Vnew is the new velocity of the particle after adaption; Vcurrent is the current velocity 
of the particle. In equation (2), Pnew is the new position of the particle after adap-
tion; Ppresent is the current position of the particle. PpBest is the current optimum 
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found by particle itself. PgBest is the current optimum found by the whole swarm. 
Learning factors, c1 and c2, are usually 2 [11]. RV is a random number between 0 
and 1. 

Akerlof [2] discusses social decision. It describes the behavior of individual 
making choices, being affected by the social element, will refer to the decision of 
the group (other individuals). The interaction between two individuals or the indi-
vidual and the environment is an unique model, and we can sum up as a regular 
pattern of group behavior [9]. For example, before buying a cell phone, we always 
try to find the user experience in the community or other related information. 
Meanwhile, we will share our experience and opinion to the community. 

The development and transition of virtual community somehow is a kind of so-
cial decision. The process of social decision is similar to PSO, especially the fea-
ture of memory. The PSO technology will have a better performance in solving 
our problem, thus we apply PSO to present our concept. 

3   Proposed Model 

3.1   Initia1 Individual 

In the society, the meaning of community is group, which formed by individuals 
because of the small geographical distance or the frequent interaction. By creating 
a 2-axis graph to plot the movement of individuals, we try to simulate the virtual 
distance and the interaction between individuals on the internet. 

The second step is Initial Individuals, and we try to simulate one hundred indi-
viduals under the assumption 1 of this project. In this step, we define the initial 
energy of the individual, and construct the characteristic attributes. After plotting 
the individuals on the plane, we record the initial status. 

 

Fig. 1 We propose a framework to simulate human behavior, and this shows the implement 
procedure 

The assumption of this project is as follows: 

• Assumption 1: The energy of the individuals is lognormal-distributed. Because 
most individuals are willing to interact with other individual at first, in other 
words, it means they are full of passions to build connections. 
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• Assumption 2: The position of the individuals is uniform-distributed on the 
plane. The individuals are spread on the 2-axis graph in a random way. 

• Assumption 3: The character of the individuals is uniform-distributed between 
0 and 1. 

In the experiment, we set up two characters: one affects the position of the  
individual, and the other one affects the level of activeness (energy). 

3.2   Link Construction 

In the phase 2, we conduct the link construction. The social interaction between 
the individuals is built, and the relationship is constructed on the internet. We can 
calculate the cost of linkage. The definition of link is as follows: 

1. Direct Link (A to B): In A’s view point, when B is located in the A’s scope of 
energy, a link will be established from A to B, if the distance from A to B is 
less than the radius of A. There is a direct link between A=(ax,ay )and 
B=(bx,by), and the distance is the Euclidean distance from A to B: 

 

( ) ( )2 2

x y x ya a b b− + −  (3) 

Constructing a relationship between two individuals implies that the individuals 
can communicate with each other directly, and the relationship between them is 
relatively strong than indirect link. 

2. Indirect Link (A to C): The link between two individuals is established by more 
than two links. This kind of relationship is always established based on trust. 
Individuals are willing to build connection with the friends of their friends. The 
relationship between indirect individuals could be built with lower energy. Ac-
cording to the theory of Six Degrees of Separation, the maximum number of 
links between two individuals is six. There is cost between individuals when 
the link is constructed. CostXY  is the cost of indirect link from X to Y; X and Y 
are the individuals. rx is the radius of x. 

Fig. 2 Linkage Layer (Friend of a friend) 
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3.3   Evaluation 

In this phase, we compute the fitness value, and try to figure out the best decision 
of the individual. Here we adopt the PSO (Particle Swarm Optimization) method-
ology to decide the best strategy of the individual. 

We regard fitness value as the individual’s status in current position and en-
ergy. When building connections, the number of links is the cost to the individu-
als. Individuals will feel uncomfortable, which results in changing fitness value, 
we calculate it as follow: 

Fitness Value (Comfortable Degree) = Energy - Total Cost. (5) 

We obtain the fitness value (comfortable) for each individual. If the fitness value 
of the individual is bigger than the fitness value of pBest, we will replace the 
original pBest with current individual and determine the gBest in each iteration. 

3.4   Self-adaption 

An individual is not comfortable in present status, when the fitness value is small-
er than 0. He will try to make himself comfortable by self-adaption. There are two 
strategies that can be chosen in this phase, and the most part of the individuals is 
accompanied with two strategies. 

1. Position-changing strategy:  

The individual could change his position to make him more comfortable. We use 
the formula of PSO to perform this strategy. 

( ) ( )1 1 2 2j j j j j j n nV wV c r p x c r p x′ = + − + −  (6) 

Vj denotes the velocity which measures the individual j‘s position changing. The 
w denotes the position weight; it represents the degree of active personality. The 
position weight is characteristic that we mention in the Initial Individual phase. 
When the weight is high, it means the individual want to interact and communi-
cate with other individuals, so the individual would like to move violently on the 
plane and try to find comfortable position. 

c1j and c2j are the degree of the individual j’s decision, which affected by per-
sonal or the group’s experience separately. r1 and r2 are random numbers between 
zero and one that mentioned in the original formula in PSO. Vmax denotes the up-
per-bound of the velocity of the individuals’ movement in PSO and the scope of 
individual’s energy in certain iteration.(Fig. 3)  

 

Fig. 3 This shows the scope of upper-bound energy where individual j can reach within the 
dotted circle. V3 will be modified to Vmax because it is outside the scope of j’s energy 

Vmax

V3 

j
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The position of individual j will be updated as following. 

j j jx x V′ ′= +  (7) 

2. Energy-changing strategy: 

Changing the radius will affect the number of connections, and cause the change 
of cost. To make the individual more comfortable, the individual can reduce the 
radius to cut out the links or increase the radius to establish more links. By means 
of the parameter characteristic, it denotes the individual’s willingness to establish 
connection with other individuals. 

4   Moving Path Simulation 

With the proposed framework, we simulate several connectivity distributions on 
the plane and show the result of steps generated by PSO in the following sections. 

4.1   Evolution Process 

We simulate particle swarm by using the processes in section3. We can see the in-
dividuals scattering on the internet with his own energy. There’s a link been estab-
lished when any of the individuals can afford the cost of building connection. 

After executing 10 runs of the simulation, we randomly show the evolution 
process of 9 iterations in Fig.4. Obviously, the particle paths converge together 
from (a) to (c), the superficial measure of the cycle becomes bigger. In the “ini-
tialization” step, the number of links is fewer, which results in the low cost, and 
individuals are in the comfortable state more easily. We can tell that the individ-
ual’s characteristic is full of passion, which could increase the individual’s energy 
to establish connections with others. After “Self-Adaption”, there’re more chances 
that the energy of individuals is higher and get along with other individuals.  

When it comes to (d), (e) and (f), some individuals still had the trend of con-
vergence, but some individuals started to diversify. In order to feel more comfort-
able, the individuals start to diminish the energy. And the individuals are less  
eager to establish the link than usual.  

From (g) to (i), the trend of diversity is more significant. But there’re some in-
dividuals who are full of passion and eager to establish the links with other indi-
viduals. We consider that they are the few numbers of contributors in the internet. 

Meanwhile, there’s another phenomenon been found. Although the individuals 
diversify and the energy is smaller with time, most individuals converge to some 
blocks and its shape of distribution is scatter on the left side in Fig.4. 

4.2   Overview Result 

Every individual owns his free will, the interaction between two individuals or the 
individual and the environment is an unique model. Even if single individual has 
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Fig. 4 The results of 9 iterations 

 

Fig. 5 Average radius of 100 individuals’ observation in 30 runs for the group’s behavior 
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his own behavior model as mentioned before, but when it comes to the whole 
group, the behavior model of group will follow some patterns. The individuals’ 
average energy will be faded with the passing of time; it means that most indi-
viduals’ radius, i.e., the passion to interact with other individual, might be smaller. 
Meanwhile, we can sum up a regular pattern of group behavior. 

5   Conclusion 

In our research, we observe the result that individuals are affected by the human 
society decision. The behavior of the individuals in the virtual community doesn’t 
totally conform to the expectation of companies in the Web 2.0 environment. In 
the long-term observation, there are merely individuals lasting their energy for a 
long period of time. Most individuals will be tired of being engaged in social ac-
tivities, and their energy will be lower. Finally, they will only communicate with 
the neighbors. 

But in the strategy of web 2.0 companies, they usually ignore this phenomenon. 
The decision maker should think about other important factors that influence the 
virtual community. For example, web 2.0 company might need to think about how 
to provide a prefect communication platform such that users can communicate 
more easily when providing service to ensure the convenience of communications 
and connections if needed. Enriching the information content or providing unique 
service, which needs higher transition cost, might be the direction of strategies. 
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Genetic Algorithms in Chemistry: Success or Failure Is 
in the Genes 

Clifford W. Padgett and Ashraf Saad∗ 

Abstract. In many areas of chemistry there are problems to which genetic algo-
rithms (GA’s) can easily be applied. Several chemistry problems in which GA's 
are used will be examined. Currently they are used mainly for the generation of 
regression curves, protein folding, structure elucidation, parameterizations, and 
system optimization. Perhaps it is the GA simplicity and ease of use that has fa-
cilitated the widespread use of the soft computing method in chemistry. This paper 
focuses on how GA's have been modified to solve discipline specific problems in 
the chemical sciences. 

1   General Introduction to Genetic Algorithms in Chemistry 

In the early 1960’s, biologists began experimenting with computer simulations of ge-
netic systems.  Holland is considered the father of this subfield of computer science 
for his early work with genetic algorithms [1]. However, it was not until the 1980's 
that GA’s received significant attention in the applied sciences. In the late 1980’s, 
GA’s were brought into the field of chemometrics by Lucasius and Kateman [2]. This 
opened the door for the application of GA’s to problems in chemistry. 

In many areas of chemistry there are problems to which genetic algorithms 
(GA’s) can be readily applied.  For instance, one primary focus in the subfield of 
analytical chemistry is the determination of the identity and amount of a given 
compound in an unknown mixture via spectroscopic methods that probe the mole-
cules using electromagnetic radiation. Most of these methods generate spectra that 
contain information about the molecule but it is not always easy to extract the re-
quired data from the spectra. Genetic algorithms have been successfully applied 
here as they are efficient at finding patterns in data even when the data contains a 
large amount of extraneous information.  GA’s have also been used for the genera-
tion of regression curves, protein folding, structure elucidation, parameterizations, 
and for system optimization. Since then, the number of uses for GA’s in chemistry 
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has steadily increased, especially as a calibration technique and as a wavelength 
selection method, such as component concentration determination from IR spectra 
[3].  In the late 1990's, GA’s made their way into the field of crystallography as a 
tool for structure elucidation [4, 5].   

2   Types of Problems in Chemistry Where Genetic Algorithms 
Are Used  

The use of GA’s in chemistry falls into three main categories, regression, configu-
ration methods, and data mining. Regression methods use experimental data (such 
as an infrared spectrum of a compound) to determine the parameters of an equa-
tion that relates to a quantitative property like concentration. Configuration meth-
ods use GA’s to manipulate the geometry of a molecule to fit experimental data or 
minimize energy. Some examples include protein folding and structure elucida-
tion. Data mining methods use GA’s to determine information that can be used to 
find relationships or parameterize other methods.  

2.1   Genetic Regression 

Genetic Regression (GR) is the application of the genetic algorithm to the problem 
of generating a calibration curve. This method, which has been described in detail 
in several papers [8,9], is based on the optimization of  linear  regression  with  the 
use of a genetic algorithm. The GA combines data points from spectra in a manner 
that allows for a simple linear regression curve to be generated. GR has been shown 
to be effective in finding good calibration models for data with noise, baseline fluc-
tuations, overlapping spectral features [8,9], and spectral drift as well as in multi-
instrument calibration [10]. GR has also been shown to be effective at searching 
through large solution spaces and eliminating over 99.9999% of the unsuitable so-
lutions with little computational requirements [11]. It has been compared and com-
bined with more familiar multivariate methods such as PLS, ILS [12] and has been 
shown to be comparable to or better than multivariable methods [7].  

As with most GA’s, the GA used in a typical GR follows the same basic steps, 
and GR implements a GA that optimizes simple linear regression models through 
an evolving selection of wavelengths. The GR program created by Paradkar and 
Williams [8] has four major control parameters: r-squared value, mutation rate, 
number of iterations, and number of genes used. The r-squared value is used to 
screen the initial genes by forcing them to be created with minimum correlation, 
thus the randomly initialized genes in the gene pool must have a fitness value be-
low some minimal value. The mutation rate determines how often the genes are 
mutated during the mutation step and the rate goes from 0% (no mutation) to 
100% (mutates at every mutation step). The number of iterations sets how many 
times the program repeats its steps, and the number of genes determines how 
many genes are evaluated during the run.  

First, the algorithm initializes a population of genes, with each gene being two 
to five bases long. The bases of the genes are composed of two wavelengths and a 
mathematical operator to combine them. The GA randomly selects the number of 
bases for each gene and the operator and two wavelengths used in each base.  
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Several operators are available (addition, subtraction, multiplication, division) and 
most spectra have up to ten thousand wavelength points from which to select. A 
typical example would be as follows: 

 
S = (I7202 – I6457) + (I7690 – I7110) 

 
Where S is the so-called genetic score of the gene and I is the instrument response 
(absorbance, reflectance, etc.) at the wavelength in the subscript, Figure 1 shows 
this gene pictorially. Next the algorithm evaluates the population (typical size is 
around 50 genes) by calculating the standard error of calibration (SEC) for each 
gene. 

 (1) 

Where⎯Y is the calculated value, Y is the true value, and n is the number of sam-
ples in the calibration set. The SEC is used as the measure of fitness of the genes. 
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Fig. 1 Illustration of a gene on IR absorption spectrum 

The scores are generated for all spectra in the calibration set, and then regressed 
against a known concentration to generate a calibration curve by using a simple 
least squares method to build the model. Then the previously calculated SEC's are 
used to rank the genes based on their fitness. They are ranked from lowest (best) 
SEC to highest (worst) SEC. Genes are then selected for breeding based on their 
fitness. A roulette wheel selection method is used where the chance of selection is 
directly proportional to the gene’s fitness. Each gene can be selected multiple 
times; however, genes with higher fitness have a better chance of being selected 
than genes with lower fitness values. They are allowed to mate top-down after 
gene selection: the first gene (G1) is mated with second gene (G2), third gene is 
mated with fourth gene, and so on until all are mated. In the mating step, the 
paired genes are broken at random points followed by single point crossover. This 

2(Y - Y)
SEC =

n - 2
∑
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creates two new genes from the information contained in the old genes. This proc-
ess can be illustrated as follows:   

 

G1 = (R2564 + R824) + (R2190 * R1735) # + (R1075 / R2004) + (R2964 / R1185) 
G2 = (R1034 / R824) # + (R2533 * R1512) + (R1846 / R2234) 
 

Where G1 and G2 are the two parent genes, and the points where the genes are cut 
for mating/single-point crossover are marked by #. The first piece of G1 is com-
bined with the second piece of G2. Likewise, the first piece of G2 and the second 
piece of G1 are combined. This yields two new daughter genes that are: 

 

G3 = (R2564 + R824) + (R2190 * R1735) + (R2533 * R1512) + (R1846 / R2234) 

G4 = (R1034 / R824) + (R1075 / R2004) + (R2964 / R1185) 
 

Mating can increase or decrease the number of base pairs in the daughter genes. 
The GR program was designed to maintain a minimum of two base pairs in a gene 
so that breeding would always be possible and a maximum of five base pairs was 
set during initialization to speed up the initial selection.  

After breeding the genes are allowed to mutate at a user-specified rate. When a 
gene mutates, one of its bases is randomly replaced with a new randomly-
initialized base pair. This process adds diversity to the gene pool and helps prevent 
the algorithm from becoming trapped in a local minimum. After the new genes are 
created and evaluated, the old genes are replaced with a combination of the fittest 
new ones and the fittest old ones (elitism). These processes then repeat until  
the termination condition is met, i.e., when the algorithm has completed a fixed 
number of iterations.   

2.2   Structure Elucidation   

Genetic algorithms are also being used to generate possible 3-dimensional ar-
rangements of atoms in space and checking them against X-ray diffraction data.  
Typically, X-ray powder diffraction data is used as the experimental data to check 
the fitness of the genes. Determination of crystal structures from single crystal X-
ray diffraction data is one of the most important tools for elucidating structural in-
formation in chemistry. X-ray single crystal methods give the clearest picture of 
both molecular structure and solid-state structure of an analyte. However, single 
crystal X-ray diffraction has limitations imposed by its very nature; many materi-
als of interest cannot be prepared as single crystals of sufficient size and quality.  
It is possible to generate microcrystalline powders of most materials and although 
they are not amenable to single crystal methods, they can be examined via X-ray 
powder techniques.  Methods for structure elucidation from powder diffraction da-
ta have had some success with the application of global optimization methods 
such as Monte Carlo [13], simulated annealing [14], or genetic algorithms [15].  
These methods are called the direct-space methods. They get their name from the 
fact that they search the direct space; i.e., real space as opposed to reciprocal space 
that is typically used in traditional X-ray methods. Unfortunately, there are major 
difficulties associated with determining crystal structures directly from the powder 
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diffraction data, primarily originating from peak overlap in, and preferred orienta-
tion of, the data. The peak overlap problem stems from the tendency of organic 
compounds to crystallize with large unit cells of low symmetry, resulting in many 
closely-spaced diffraction images, and from the compression of the three-
dimensional information into a one-dimensional powder pattern. Difficulties with 
preferred orientation are common to all compounds and are a result of the shape of 
the crystals in the microcrystalline powder. Direct-space methods have been pro-
posed and shown [13, 14, 15, 16 ,17] to provide a rational basis for overcoming 
difficulties in structural elucidation from powder patterns. 

In a typical direct-space method, the program begins with a rigid molecule, or 
one with only a few internal degrees of freedom, and the unit cell parameters, 
which are obtained by indexing the powder pattern. Next, the optimization method 
chosen inserts this molecule into the unit cell and calculates the powder pattern of 
the trial solution using a powder prediction-algorithm like Powd12 [18] The calcu-
lated X-ray powder pattern is compared to the experimental one and a figure of 
merit is calculated for the trial structure. The preferred figure of merit is Rwp [19] 
(residual weighted error) and is defined as: 

2

2

( )

100
i Exp Cali i

i

i Expi
i

w Y Y

w Y
Rwp

−∑

∑
= ×  (2) 

Where wi is a weighting factor related to the experimental error at point i, YExpi is 
the ith point from the experimental spectrum, and YCali is the ith point from the 
calculated structure. Other figures of merit include packing energy considerations 
in addition to Rwp in order to eliminate implausible structures.  Once a structure 
has been determined that closely matches the experimental data, Rietveld refine-
ment of the model is carried out to convergence [19]. The resulting solution can be 
comparable to that obtained by single crystal methods. 

An example of one such implementation of a GA is OCEANA [20]. OCEANA 
performs a grid search over unit cell parameters and a user-defined space-group 
and uses a genetic algorithm to search for an optimal fit to the experimental X-ray 
powder pattern. The GA generates genes similar to the one shown in figure 2, 
which encode the information necessary to describe a crystal structure of the com-
pound. The GA determines the fitness of the genes using Rwp (above) and trial 
structure energies (calculated using the atom-atom potential method).   

The GA in OCEANA first generates a random population of genes with a fixed 
size (user-defined).  However, the GA also has means to preferentially select 
genes with more information in them.  The Rwp value of the genes is one such 
way it does this; genes that have too high of an Rwp value are removed and more 
are generated until the preset number of genes with Rwp values below the cutoff 
value has been reached. The packing energy is another way to limit the initial 
population of genes.  All genes must have an energetically favorable (user-
defined) packing energy.  
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Fig. 2 Illustration of a gene. G = {A, B, C, α, β, γ, x, y, z, χ, θ, φ} 

The genes of the OCEANA program consist of twelve base pairs.  Six bases 
represent the cell parameters and six represent the position and orientation of the 
molecule in the unit cell.  More bases can be added to handle internal degrees of 
freedom for the molecule and for additional molecules in the asymmetric unit.  
These bases are the elemental unit of the OCEANA program, as they are the ob-
jects that are randomly mutated and exchanged during breeding, (the A B C … in 
the GA example above).   

In the OCEANA program, genes are ranked by their Rwp and their energy.  
The Rwp is calculated by the equation above, and the packing energy is calculated 
by a Buckingham potential modified to include charge using the atom-atom  
potential method [21]. The (Exp-6-1) Buckingham equation is shown below:  

 (3) 

Where A, B, C are constants for each atom type that are fitted to the experiment, 
and the q’s are calculated by fitting to electrostatic potential.  

Once the genes have been created, they are ranked by a ninety percent-ten per-
cent combination of Rwp and Energy. First the packing energy and Rwp are nor-
malized to scale them between 0 and 1. Genes which produce a low Rwp and a 
low energy have a higher rank than those that do not. After the initial genes have 
been ranked, they undergo natural selection, using tournament or roulette wheel 
selection, with single-point crossover breeding or multipoint crossover (selection 
and breeding modes are user-defined) followed by two mutations steps. The muta-
tion rates for these two different mutation steps are set before running the  
program. The first mutation rate determines how often a base is replaced with a 
randomly generated one. The second mutation rate determines how often a base is 
replaced with a randomly generated constrained one (randomly generated but re-
quired to be near the original value). Note that OCEANA uses elitism, so even a 
100% mutation rate will not destroy good genes. Genes are optimized using a 
simplex minimizer to invoke Lamarckian evolution. 

After the preset number of iterations, the OCEANA program stops and uses the 
best gene to generate a trial structure model. This is done by using the first six 
bases as the unit cell and the next six to place the molecule in the unit cell. This 
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trial structure is then saved for possible further refinement, and as a representation 
of the current grid point.   

2.3   Other Uses 

GA’s have found uses in most areas of chemistry and have been a very success-
ful computing tool for chemistry.  Another area that has been and still is being 
majorly influenced by GA’s is drug design in which combinatorial chemistry is 
now being done with a GA to optimize the search for the best drug for the re-
ceptor [22].  GA’s are also having an impact on many fields through the use of 
GA in parameter optimizations, for example GA’s have been used to param-
eterize semi-empirical methods [23] that were then used in a molecular dy-
namic simulation.  GA’s have had widespread use in the determination of the 
three-dimensional structures of proteins from their amino acid sequences  [24, 
25, 26, 27]. This problem is perhaps one of the most difficult in chemistry to 
which GA’s have been applied. The uses of GA’s in chemistry are too numer-
ous to list all of them. It is hoped that the ones listed here give the reader an 
idea how diverse their uses are and that they are becoming a mainstream  
technique in many areas of chemistry.   

3   Conclusions 

GA’s have been so successful at solving many problems in chemistry that there 
is no doubt that they will remain a mainstay in many areas. There are many 
general, simple to use GA codes available online for chemists to use; additional 
GA’s are simple to construct and the authors have had great success at getting 
undergraduate students to write and modify them for specific problems. Unfor-
tunately, GA’s are not the solution to every problem and have many pitfalls.  
Perhaps the biggest problems with GA’s are premature convergence and over-
fitting. Premature convergence is where a population converges on a local 
minimum that is not an ideal solution to the problem at hand. Over-fitting is 
where the GA finds an excellent fit to a set of calibration data, but, when  
applied to data not in the calibration set, the genes perform horribly. While pre-
mature convergence can generally be surmounted by optimizing the GA’s pa-
rameters for the specific problem, over-fitting requires more drastic measures 
to circumvent. Generally, the use of a validation set is required, where some 
data is not used by the GA to generate genes but the extra data is used every 
now and then to evaluate gene performance. Even with the limitations, GA’s 
are having a great impact in chemistry and many people are constantly coming 
up with new ways to use GA’s and to circumvent the current problems associ-
ated with their use. The future of GA’s in chemistry will most likely be the use 
of hybrid soft computing methods, an indeed such methods are already being 
employed [28,29,30]. The use of such hybrid methods will continue to expand 
the usefulness of GA’s in chemistry for years to come.   
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Multi-objective Expansion Planning of Electrical
Distribution Networks Using Comprehensive
Learning Particle Swarm Optimization
Sanjib Ganguly, N.C. Sahoo∗, and D. Das

Abstract. In this paper, a Pareto-based multi-objective optimization algorithm using
Comprehensive Learning Particle Swarm Optimization (CLPSO) is proposed for ex-
pansion planning of electrical distribution networks. The two conflicting objectives
are: installation and operational cost, and fault/failure cost. A novel cost-biased par-
ticle encoding/decoding scheme, along with heuristics-based conductor size selec-
tion, for CLPSO is proposed to obtain optimum network topology. Simultaneous
optimization of network topology, reserve-branch installation and conductor sizes
are the key features of the proposed algorithm. A set of non-dominated solutions,
capable of providing the utility with enough design choices, can be obtained by this
planning algorithm. Results on a practical power system are presented along with
statistical hypothesis tests to validate the proposed algorithm.

1 Introduction

Computerized distribution system expansion planning is of active research inter-
ests among distribution engineers owing to two major benefits, i.e., minimization
of expansion cost and reduction of system’s fault/failure. The planning aims to op-
timize network design parameters, i.e., network topology, branch conductor sizes,
and number and location of reserve-branches so as to enhance network reliability.
A number of approaches to this planning problem has been proposed in the past. In
[1-3], only cost is optimized, while various reliability aspects are considered in [4-
9]. Cost and reliability conflict with each other. Thus, multi-objective optimization
by considering these two as separate objectives with a suitable trade-off analysis
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is the most practical approach. In [8-9], the Pareto-optimal strategy has been used
to trade off these conflicting objectives. In both the works, genetic algorithm with
direct encoding scheme (of chromosome) is used; but no performance assessment
of the stochastic optimizer is shown.

In this work, a different stochastic optimizer, i.e., Comprehensive Learning Par-
ticle Swarm Optimization (CLPSO) is used. The CLPSO is an advanced version of
particle swarm optimization (PSO) proposed by Liang et. al [12]. PSO [10] is a well-
known class of evolutionary algorithm with superior convergence and applied in
several multi-objective problems. A state-of-the-art review on multi-objective PSO
(MOPSO) based on Pareto-optimality principle can be found in [13]. The main goal
is to reach towards well diversified true Pareto-optimal solutions. Several types of
PSO topologies (ring, fully connected) are proposed to improve the swarm perfor-
mance. To promote diversity, various strategies such as, preserving elite solutions
in different ways, usage of mutation operator and nearest neighbor density estima-
tor, clustering of whole swarm in several sub-swarms, and NSGA II based fitness
assignment are used.

In this work, Strength Pareto Evolutionary Algorithm (SPEA) and its improved
version SPEA2 [18] are applied to assign particle fitness and promote diversity. A
novel indirect scheme, i.e., cost-biased particle encoding/decoding for realization of
networks, is proposed to reduce the problem dimension considerably. The branch
conductor sizes are optimized simultaneously along with network topology. The
results are compared with those of the GA based planning [9]. Further, a statistical
hypothesis test is performed to assess the stochastic performance of the algorithm.

The organization of paper is as follows. Section 2 deals with problem formula-
tion. CLPSO with proposed particle encoding is discussed in Section 3.
Sections 4 and 5 provide details of multi-objective optimization and overall planning
algorithm, respectively. Section 6 presents simulation results and performance
assessment. Section 7 concludes the paper.

2 Problem Formulation

Distribution system expansion planning can be categorized as: (i) single-stage plan-
ning and (ii) multi-stage planning. The former is a one-time optimization technique
whereas, in the latter, a single-stage optimization is performed at each stage for the
overall network optimization. A single-stage expansion planning model proposed
here consists of two objective functions, i.e., (i) installation and operational cost,
and (ii) failure cost. The latter is an aggregate of costs due to feeder failure/outage
and non-delivered energy (NDE). The former is an aggregate of:

∗ Installation cost of new substations
∗ Cost of incremental capacity addition of existing substations (if required)
∗ Installation cost of new feeders or additional branches in existing feeders
∗ Cost of conductor replacement of existing branches (if required)
∗ Annual maintenance cost of feeders
∗ Cost of feeder energy losses
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The two objective functions are formalized as:

CFi =
Nb

∑
j=1

CIb l j +
Eb

∑
j=1

CRl j +
(Nb+Eb)

∑
j=1

(CMf l j +CV )ta +
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∑
k=1

CIs
k +

Es
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(CF l jλ j +CNDE d jta)PjLi +
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∑
j=1

(CF l jλ j +CNDE d jta)PjLi (2)

where, CFi: Total installation and operational cost ; CFa: Failure/fault cost
Nb and Eb: Number of additional and existing branches, respectively
Ns and Es: Number of additional and existing substations respectively
CIb (CMb): Branch installation (annual maintenance) cost per unit length
CV : Cost of energy losses; ta: Analysis time
CR: Conductor replacement cost of branch per unit length l j: Length of branch j
CIC : Substation incremental capacity addition cost
CF and CNDE : Outage cost and cost of non-delivered energy, respectively
λ j and d j: Feeder failure rate and duration at branch j, respectively
Pj: Power flow through branch j; Li: Importance level of node i
∀(Nb,Eb) and (Ns,Es) belong to a set of predefined sizes
The planning problem is to minimize these two objective functions subject to

following constraints:

(i) Power balance constraint (i.e., demand and supply balance)
(ii) Substation capacity constraint

(iii) Feeder capacity constraint,
(iv) Node voltage deviation constraint
(v) Radiality constraint: designed network should be radial.

3 PSO, CLPSO and Particle Encoding/Decoding

PSO is a population based multi-point search technique inspired by social behavior
of bird flock [10]. Like other evolutionary algorithms, the search starts with a popu-
lation of search points, called particles. Each particle is encoded as a position vector
containing n dimensional information (initially chosen randomly) and the position
of each dimension is updated with velocity (initially chosen randomly) information
in successive iterations. The velocity vector of the particle is updated by following
its own previous best value called pbest and by learning the best particle of popula-
tion called gbest. The position of a particle is updated in each iteration as:

Vid = ωVid +φ1r1(pbestid −Xid)+ φ2r2(gbestid −Xid); Xid = Xid +Vid (3)

[i=1,2,...,Population Size, and d=1,2,...,Maximum Dimension]
where, Xid and Vid : position and velocity of i-th particle’s d-th dimension
φ1 and φ2 : learning constants; r1 and r2 : random numbers in interval [0,1]
pbest and gbest: Particle’s own best and group best, respectively
ω : a linearly decreasing inertia weight
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The two learning constants influence the advancements of particles towards the
pbest and gbest. Inertia weight is used to control the impact of previous velocity
to provide a balance between local and global search. In PSO, particle gets very
often trapped in local optima as every particle follows the group leader.

3.1 CLPSO [12]

CLPSO, proposed by Liang et. al., is essentially a local search technique, having
similar computational complexity as PSO. It is not influenced by gbest, therefore
less chance of being trapped into local optima. For each dimension, a particle up-
dates its position by either following its own pbest or by following different par-
ticles, reasonably fitter in the corresponding dimensions (i.e., having better overall
fitness). The strategy is to update all particle’s individual dimensions separately by
learning from different exemplars. The pseudocodes for updating a particle are:

d=1
While d<=Maximum_Dimension
if rand<LP_{ci}%rand=random no.,LP_{ci}= learning probability
Update position and velocity using Eq.(1.3) with phi_{2}=0

else
Choose two particle (p & q) randomly, compare their fitness
Use the winners pbest as exemplar to learn for the dimension
{update position and velocity by Eq.(1.3) with pbest_{id}
replaced by pbest_{pd} and phi_{2} = 0)}

endif
d=d+1
endwhile

The motivation behind using CLPSO is its superiority over other PSO variants for
multimodal problems, as illustrated in [12]. In [12], it is shown that, in various
multimodal problems, this learning strategy explores larger potential search space
than PSO. This is because gbest in PSO always influences the particles to move
towards global best. Hence, better diversity should be achievable in CLPSO.

3.2 Proposed Encoding Scheme

There are two types of particle encoding schemes used in PSO for combinatorial
optimization problems, i.e., direct and indirect encoding. The former directly rep-
resents solution, while the latter only carries some guiding information to obtain
solution rather than the solution itself.

1 2
- - -

n
_n rb (1) _

s
rb n (1) _

e
rb n - - -- --

Start and end node of each reserve branch Number of 

reserve branches

Node bias 

Fig. 1 Proposed particle encoding scheme
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In this work, the particle position vector is designed to consist of two distinct
segments (Fig. 1): (i) network segment consisting of node bias values ρ [ρ ∈(-1.0,
1.0)], (ii) reserve-branch segment consisting of two sub-segments, i.e., number of
reserve-branches, start and end nodes of each reserve-branch. The reserve branches
enhance reliability of the network. The maximum number of reserve-branches is
problem-specific and initial choice of the nodes of the reserve-branches are random
and then are updated (in integer mode) in CLPSO.

3.3 Proposed Decoding Scheme

The decoding scheme used here is based on a strategy proposed in [11], called cost-
biased decoding, where nodes are sequentially selected and appended to the terminal
node of the growing path on the basis of minimum value of the product of branch
costs and node bias values: j = argmin(Ci jρ j) [ Ci j: cost of branch i− j and ρ j is
the bias value of node j connected to node i]. Inspired by this strategy, a novel cost-
biased decoding scheme is proposed to generate radial network with main/forward
and lateral branches. The pseudocodes of proposed decoding scheme are as follows:

Let {Q}: Nodes of branches existing in the network,
{R}: Nodes to be connected with the existing network
{Ns},{Ne}:Start and end nodes of existing branches,respectively
while (R != null)

for i=1,...,length(Q)
for j=1,...,length(R)
C(i,j)=D(Q(i),R(j))*p(j) [D:Distance and p:bias]

endfor
endfor

Find the minimum element of C and corresponding Q(i) and R(j)
Update {Ns}<-{Ns,Q(i)}; Update {Ne}<-{Ne,R(j)}
Update {Q}<-{Q,R(j)} ; delete R(j) from {R}

endwhile

The decoding of the reserve-branch segment is, however, simple due to direct en-
coding of number of such branches with their end nodes. Some heuristics are used
to filter out the invalid connections such as branch of main network appearing as
a reserve branch, same start and end node etc. It is noteworthy that same network
topology may repeat in several iterations as many particles may map to same net-
work; but they might have different sets of conductors which are selected randomly
(see section 5). Thus, their fitness might be different.

4 Multi-objective Optimization

In multi-optimization, goal is to optimize all the objectives simultaneously. In this
problem, two objectives, i.e., total installation (and operational) cost, and total fail-
ure cost, conflict with each other. In multi-objective problem with conflicting objec-
tives, no solution can improve itself in one objective without worsening in at least
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one other objective. Therefore, a suitable trade-off of objectives is required and this
is usually done by Pareto-optimality principle.

4.1 Pareto-Optimality Principle

The Pareto-optimality principle states that, for an m objective minimization prob-
lem, a solution x is said to dominate solution y (x ≺ y) iff:

∀i fi(x) ≤ fi(y) and ∃ j f j(x) < f j(y) [i = 1,2, ....m]

All the solutions which are not dominated by any other solution, are called non-
dominated solutions/elite solutions and are usually stored in Elite Archive.

4.2 Fitness Assignment and Elite Preserving Scheme

The performance of the multi-objective stochastic algorithm depends on: (i) fitness
assignment scheme to guide all population members towards Pareto optimal solu-
tions, and (ii) elite preserving scheme to diversify the search space. In this work, an
efficient algorithm, i.e., Strength Pareto Evolutionary Algorithm (SPEA) of Zitzler
and Thiele and its improved version SPEA2 [18] are followed (separately) to fulfill
this dual purpose. The comparative main features of these algorithms are:

Table 1 Comparison between SPEA and SPEA2

Algorithm Fitness assignment Elite preserving scheme
SPEA An elite member’s strength is proportional to number of Clustering Technique

current (population) members dominated by it. A current
member’s fitness is the sum of its dominators strengths.

SPEA2 Strength is assigned to all members (current and elite). Archive Truncation
Fitness of each member of current population is sum of

its dominator’s strength plus density around it.

5 Complete Distribution System Expansion Planning Algorithm

The complete planning algorithm consists of different subroutines. The particle en-
coding/decoding scheme, fitness assignment, and elite preserving scheme are al-
ready described in the descriptions on CLPSO and multi-objective optimization.
The two other important components of planning are:

(a)Conductor Size Selection: The conductor sizes influence both objectives. A
heuristic algorithm optimizes these chosen from a given set. An initial load
flow is done with random (branch) conductor sizes. Thereafter, conductors rated
higher than respective branch flow are assigned randomly to all branches and
optimal choices of conductor sizes are found by optimization process.

(b)Constraint Handling Technique: Substation and feeder capacities are maintained
by incremental capacity addition and proper conductor size selection, respec-
tively. Solutions violating node voltage limits are rejected. The decoding scheme
always generates radial networks.
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The pseudocodes of the complete algorithm are:

Generate initial population;find out non-dominated solutions
and store in elite archive;calculate fitness of particles.
iteration=1
while(iteration<=Max_iteration)
for i=1,...,Population_size
{Update velocity & position of the particle as per CLPSO}
{Decode particle to get the network topology}
{Select conductor size and perform load flow}
{Calculate objective functions and particle fitness}

endfor
{Find out non-dominated solutions and store in elite archive}
iteration=iteration+1

endwhile
{Elite archive contains optimal network topologies and
conductor sizes}

6 Simulation Results and Performance Assessment

The proposed algorithm is tested with the data of ( [9], [15]). It is a 21-node dis-
tribution system with four existing branches (between nodes 1 and 5, node 1 is
substation). Nine different conductor sizes are considered. The experiment is car-
ried out to compare the results of SPEA with GA based previous work [9]. The
optimum population size (Npop) and maximum iteration (Itermax) are obtained. The
performances of SPEA and SPEA2 are assessed and compared.
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Fig. 2 a. Pareto set approximation, b. One compromised network for 21-node system

One Pareto set approximation (Npop = 50, Itermax = 200) along with the net-
work of one of the compromised solutions are shown in Fig. 2. The conductor sizes
are shown within brackets. A comparison of three solutions, i.e., most economi-
cal (A), most reliable (C), and one compromised solution (B) is given in Table 2,
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Table 2 Comparison costs between proposed algorithm (with SPEA) and GA [9]

Type GA [9] (CFi) CLPSO (CFi) GA [9] (CFa) CLPSO (CFa)
Solution A (in dollar) 1.707×106 1.1266×106 7.7093 8.16
Solution B (in dollar) 8.47×105 8.442×105 48.06 22.578
Solution C (in dollar) 6.7009×105 6.566×105 843.1579 612.342
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Fig. 3 a. Elite archive’s growth b. (Normalized) boxplots for hypervolume and epsilon
indicators
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Fig. 4 Attainment surface plot (a. SPEA and b. SPEA2) after several trials

which shows that CLPSO’s performance is comparable with that of GA [9]. To
find optimum Npop and Itermax, the growth of the elite solutions is observed (Fig.
3a) with no restriction on elite archive size. This shows that the growth saturates
within 200 iterations. Cases with Npop = 50 and Npop = 75 have comparable results.
Hence, it is quite reasonable to choose Npop = 50 and Itermax = 200 as (sub)optimal
values.
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The performance of any optimizer is assessed in terms of quality of solutions and
time required to obtain them. The latter is assessed either by CPU time or maxi-
mum number of iterations requirement. In this work, solutions are always obtained
within 200 iterations (less than that for GA based algorithm [9]). The solution qual-
ity of any stochastic optimizer is measured by statistical hypothesis tests. In multi-
objective optimizer, this is carried out by some Pareto compliant quality indicators
(unary/binary) and attainment surface plots [16]. The indicators used to assess the
performance in this study are as follows:

(a)Hypervolume indicator (IH): It is a unary indicator [16] used to measure the
portion of objective space dominated by the approximation set. Thus, a higher IH

signifies better performance. Fig. 3b shows that maximum and minimum value of
IH differ a little (with reference point (2×106,650)). This illustrates consistency
of the performance. However, SPEA2 has slightly better median value. In this
sense, SPEA2 is superior to SPEA.

(b)Binary epsilon indicator: It is a binary indicator [Iε(G1,G2)] used to measure
the comparative performance of two algorithms G1 (SPEA) and G2 (SPEA2)
[17]. Iε(G1,G2) = ε such that z1 � εz2 [z1 ∈ G1,z2 ∈ G2]. Algorithm G1 will
outperform G2 if Iε(G1,G2) ≤ 1∧ Iε(G2,G1) > 1. But Fig. 3b illustrates that
Iε(G1,G2) > 1 (median=1.1) and Iε (G2,G1) ≤ 1 (median=1). So, SPEA2 (G2)
has better performance.

(c)Attainment surface plots: An attainment surface is a boundary comprising of all
tightest goals attained by the particular optimizer [16]. After different trials, very
little variations in some areas of attainment surface (Fig 4, shown in inset) are
obtained. Mostly, these variations are so small that the overall surface plots are
indistinguishable. This shows consistency of the outcomes in both types of fitness
assignment schemes, i.e., SPEA and SPEA2.

The experimental results demonstrate the efficacy of the proposed algorithm, which
is quite comparable with that of GA based algorithm. The statistical hypothesis tests
show that the proposed algorithm is capable of generating consistent results in both
SPEA and SPEA2. A slightly better performance is achievable in SPEA2.

7 Conclusions

A multi-objective Pareto-based model for electrical distribution system expansion
planning has been presented using comprehensive learning PSO to obtain optimum
topologies and conductor sizes for the network. The results obtained on a typical
distribution system problem are quite noteworthy. The distinct contributions are:
problem dimension reduction by a novel encoding/decoding scheme, simultane-
ous optimization of topology and conductor sizes with minimal non-problem spe-
cific heuristics and performance assessment by statistical hypothesis tests. However,
more accurate models should incorporate future load uncertainty. These require
further investigations.
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Prediction of Compressive Strength of Cement Using 
Gene Expression Programming  

Priyanka Thamma and S.V. Barai∗ 

Abstract. Gene Expression Programming is employed to predict the 28 days 
compressive strength of cement mortar. The input parameters considered are C3S, 
SO3, Blaine and Alkali and the output parameter is the 28 days compressive 
strength. The model was able to predict successfully with a root mean square error 
of 1.4956. This model is compared with the Fuzzy Logic Model and ANN-GA 
model. The GEP model is proved to perform better than the Fuzzy Logic Model. It 
yields an expression that relates the inputs to outputs thereby overcoming the 
disadvantages of the artificial neural networks.  

1   Introduction 

Concrete is perhaps one of the most widely used man made materials in the world. 
Today the construction of various civil engineering marvels around the world is 
only possible by understanding the behavior of concrete. The behavior of concrete 
depends on the qualities and quantities of its components. Hence the 
understanding of the relationships between the qualities and quantities of its 
components and its properties like strength, workability, durability etc, is very 
essential. Cement is the most important component of concrete, which determines 
the quality of concrete to a large extent. The 28 days compressive strength of 
cement mortar is a function of various chemical parameters like C3S, C2S, C3A, 
C4AF and SO3 contents and physical parameters like Blaine (surface area) and 
particle size distribution. 

Till date many models have been built to predict the compressive strength of 
cement. A mathematical model has been built in 1994 based on chemical and 
physical properties of cement following a stepwise linear regression analysis [1]. 
A Linear Regression model, which included a time sequence dynamic correction 
procedure, has been earlier built in 1988 relating the strength performance and the 
cement properties [2]. The year 1994 has seen the development of another 
statistical model relating the cement setting strength to the chemical composition 
                                                           
∗Priyanka Thamma . S.V. Barai   
Deparment of Civil Engineering, Indian Institute of Technology, Kharagpur 721 302, India 
e-mail: priyanka.t29@gmail.com, skbarai@civil.iitkgp.ernet.in  
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and surface area [3]. A linearizable mathematical model (AMEBA method) for 
representing the compressive strength of cement as a time function was proposed 
in 1998 [4]. Other statistical models like Partial Least Square Analysis Regression 
apart from ordinary multivariate regression have been employed to predict the 28 
days strength [5]. Various statistical approaches were followed in a arriving at the 
strength equations [6] [7] [8] [9]. The next decade has seen the extensive use of 
soft computing tools in various engineering applications. Neural networks were 
used widely in modeling various data. Neural Networks have been employed to 
determine the strength of unconventional mixes [10][11]. Fuzzy Logic has also 
been employed in this direction [12]. Genetic Algorithms and Genetic 
Programming have also been used in the strength prediction [13] [14].  

Gene Expression Programming (GEP) that is a development of Genetic 
Algorithms and Genetic Programming is a very powerful tool in deriving 
expressions from the data that is input. GEP has also been proved to be better than 
its predecessor GP (Genetic Programming) [15]. GEP has been used in the past in 
various civil engineering applications like modeling the deflection basin of flexible 
highway pavements [16] and also to solve some problems of traffic engineering 
[17].  GEP has also been used to predict the 28 days cement compressive strength 
using 19 input parameters, which include the chemical and physical properties 
along with 1 day; 2 day and 7 days cement compressive strength [18].  

This paper presents a limited number of input parameter based GEP model for 
predicting compressive strength of the cement. For the first time, by just using 4 
input parameters, namely C3S, SO3, Blaine and Alkali, GEP has been employed in 
the present paper to predict the 28 days strength. So to arrive at the necessary 
strength, the expressions obtained are useful in designing the mix. The advantage 
over the earlier study is that it does not require 1 day, 2 day or the 7 days 
compressive strength. In the following sections of this paper, model construction 
for artificial neural networks and fuzzy logic is briefly explained; then the GEP 
algorithm along with its model construction is described. The obtained results are 
finally compared and discussed. 

2   Data Modeling Tools 

Many modeling tools ranging from the simple statistical tools like regression 
analysis to the more complex soft computing tools like neural networks and 
genetic algorithms have been used in the past to model the compressive strength 
of cement as seen in the introduction section. Two soft computing models, namely 
artificial neural networks and fuzzy logic model, are described in brief in the 
following sections. These two models are later on compared with the GEP model. 

2.1   Artificial Neural Networks  

A three layered feed forward type of neural network with 20 inputs and one output 
was constructed by Sedat Akkurt et al [19]. The 20 inputs included various factors 
(SiO2, Al2O3 etc…) that determine the compressive strength (output). The data was 
collected from a cement plant in Izmir, Turkey. A sensitivity analysis done on the 



Prediction of Compressive Strength of Cement  205
 

model revealed four important parameters namely % C3S, % SO3, % total alkali, and 
Blaine (cm2/g) to be the most important in determining the 28 days compressive 
strength of the cement mortar. Artificial Neural Network was constructed again with 
4 input parameters and 1 output parameter as shown in Fig 1.  

C3S

 Artificial 
Neural Networks

SO3 28 days Compressive
strength of Cement MortarBlaine

Alkalis
 

Fig. 1 ANN Model [16] 

2.2   Fuzzy Logic Model 

A Fuzzy Logic based model was also created by Sedat Akkurt et al [20] to predict 
the 28 days cement strength. The same inputs parameters as above were used. 
Triangular membership functions were employed along with prod activator and 
centroid defuzzification methods. Mamdani type fuzzy rules relating the input 
variables to the output variables were used in the construction of the model. 
Though this model is a very useful modeling tool, a large set of fuzzy rule base, a 
large number of linguistic variables and membership functions make it difficult to 
understand the relationships between the inputs and outputs. The results obtained 
using this model are used later for comparison. 

3   Background of Gene Expression Programming 

GEP is an evolutionary algorithm [21] [22] [23]. It is a development of genetic 
algorithms and genetic programming. It uses a population of individuals, selects 
them according to their fitness and luck of roulette wheel, and introduces genetic 
variation in the individuals using various genetic operators resulting in the 
development of an expression, which describes the data that is input. 

3.1   Initialization of Population 

The individuals (population) of GEP comprise of one dimensional arrays formed 
by the level order traversal of expression trees. An example of such an individual 
termed as ‘gene’ is shown in fig 2. A gene consists of two parts namely a head and 
a tail. A head consists of both functions like +, -, ×, ÷, etc. and terminals. But a tail 
consists of only terminals. To generate a syntactically correct gene, certain rules 
are to be followed. The length of the tail should be h(n-1) + 1 where h is the length 
of the head and n is the maximum number of arguments possible for the functions 
used in the generation of the expression. Two or more genes can be combined to 
form a chromosome using linking functions like ‘+’, ‘×’, etc…Constants can also 
be included in the chromosomes but in this paper, constants are not included.[24]. 
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Fig. 2 An example of an expression tree: The gene contains an extra c at the end to make 
sure that it is syntactically correct. The value of the expression is y=a2+b×c+√d 

3.2   Replication and Selection 

After the generation of the population, the individual fitness value is computed 
using the following expression  

nM
TCMF

×
−−= ∑ 100

|))|((  (1) 

Where, M is the range of selection   

    C denotes the value returned by the target gene  
    T is the target value   
    n is the population size 

Thus each chromosome has a fitness value. Greater the fitness value, the better it 
describes the data. The next generation of population is selected using the fitness 
value of the individuals and the luck of the roulette wheel.  

3.3   Genetic Operators 

In GEP, there are many genetic operators, like mutation, transposition and 
recombination, which create genetic variations in the population thereby giving 
the system a chance to evolve a better population. 

Mutation: Mutation is a genetic operator that alters gene values in a chromosome 
from its initial state. This can result in entirely new gene values being added to the 
gene pool. With these new gene values, the GEP may be able to arrive at better 
expression than was previously possible. Mutation helps in preventing the 
population from stagnating at any local optima. Mutation occurs during evolution 
according to a user-definable mutation probability.  

Transposition: Small fragments of the genes are copied to other places of the 
chromosomes in this step. Depending on the type of element selected and the 
position to which they are transposed, three types of transposition are defined. If 
the transposition involves transposing a fragment to the head of the gene except 
the root (First position in the head region), then it is termed as transposition of 
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insertion sequence elements. And if it transposed to the root, then it is called 
transposition of root insertion sequence element. But in this case the first element 
of the transposed fragments should be a function whereas in the first case it could 
either be a function or a terminal. The third type is known as gene transposition in 
which the entire gene is transposed to the first position and unlike the other forms 
of transpositions, this transposition deletes the gene that is transposed. The 
resultant action is only shuffling. This operator is not useful where the linking 
functions are commutative. 

Recombination: Recombination is the simple swapping of a fragment of 
chromosome between two individual chromosomes. If the swapping occurs at a 
single point, it is known as one-point recombination. If it occurs at two points, it is 
known as two point recombination. If an entire gene is swapped, then it is termed 
as gene recombination. All the three types of recombination are used in the 
algorithm. 

All the genetic operators result in syntactically correct genes. After introducing the 
genetic variations in the population, the fitness of the chromosomes are once again 
computed. If the fitness is not satisfactory, then selection and replication are carried 
on. Genetic operators are employed and then fitness is computed again. These 
iterations, as shown in Fig 3, are carried on until satisfactory results are obtained.  

3.4   GEP Algorithm 

Start

Creation of individuals (Chromosomes)

Computation of the fitness of each individual 

Is the computed
fitness satisfactory?

StopCreation of the next generation of
individuals (through selection and
replication) and introduction of genetic
variations by using various operators

 

Fig. 3 Algorithm used in GEP model 

4   Data Collection 

The 50 data points (Tables 1 and 2) are taken from a paper [20] for 
training/testing.   
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Table 1 Data used for training the GEP model 

S.no Strength (N/mm2) C3S (%) So3 (%) Blaine (cm2/g) Alkali (%) 
1 53.9 54.0 3.0 3530 1.1 
2 51.9 54.8 2.9 3680 0.9 
3 50.8 64.6 2.6 3850 1.0 
4 54.5 56.9 2.7 3580 0.8 
5 50.4 61.3 2.3 3780 0.9 
6 58.4 62.4 2.8 3590 0.9 
7 54.8 64.6 2.5 4090 0.8 
8 51.8 59.3 2.8 3500 1.1 
9 51.3 61.8 2.7 3630 1.1 

10 54.7 61.3 3.0 3580 1.0 
11 54.1 60.4 2.6 3680 1.0 
12 54.5 55.6 3.1 3510 1.0 
13 52.1 63.1 2.6 3540 0.9 
14 54.2 55.6 2.7 3620 0.9 
15 53.8 67.3 2.6 4020 0.8 
16 51.5 58.7 3.0 3550 0.9 
17 48.9 65.4 2.3 3730 0.9 
18 53.2 58.0 2.7 3420 1.0 
19 54.7 65.0 2.5 4070 0.8 
20 54.3 62.0 2.9 3720 1.0 
21 52.5 61.4 2.7 3840 0.9 
22 51.3 63.5 2.5 3540 1.0 
23 51.1 62.8 2.3 3580 0.9 
24 54.1 62.8 3.0 3750 1.1 
25 53.5 58.9 3.0 3540 1.0 
26 53.6 62.3 2.5 3910 0.9 
27 55.4 57.7 2.7 3480 1.0 
28 53.7 55.8 3.1 3420 0.9 
29 55.2 60.7 2.8 3740 1.1 
30 55.5 59.3 2.5 3750 1.1 
31 55.6 60.7 3.0 3840 0.9 
32 52.1 63.2 2.5 4010 0.9 
33 51.6 59.3 2.6 3450 1.0 
34 53.0 65.8 2.6 4050 0.9 
35 50.5 57.4 2.5 3390 1.1 
36 54.0 62.0 2.4 3490 1.0 
37 52.1 59.7 2.2 3890 1.0 
38 53.6 61.7 2.4 3630 0.9 
39 53.0 63.6 2.8 3680 0.9 
40 53.5 61.6 2.8 3630 1.1 
41 49.9 64.9 2.4 3900 1.0 
42 54.2 61.0 2.8 3700 0.9 
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Table 2 Data used for testing the model 

S.no Strength 
(N/mm2) 

C3S 
(%) 

So3 (%) Blaine (cm2/g) Alkali (%) 

1 53.9 57.3 2.8 3560 1.0 
2 55.4 62.3 2.8 3640 0.9 
3 51.5 62.4 2.5 3590 1.1 
4 49.8 60.8 2.2 3520 1.1 
5 55.6 55.9 2.8 3620 1.0 
6 53.8 56.8 2.7 3620 1.0 
7 52.5 56.4 3.0 3370 1.1 
8 51.7 61.2 2.7 3610 0.9 

5   Model Construction and Results 

Using the GEP algorithm shown in Fig 3 and the data in Table 1, expressions were 
developed. The ranges of the parameters employed are tabulated in Table 3. The 
expressions thus obtained are given in Table 4. 

Table 3 Range of the parameter values used in GEP modeling 

Head size 6,7 
Population size 50 
Number of genes 3-7 
Number of iterations 100-1000 
Mutation probability 0.04-0.06 
IS transposition rate 0.2-0.3 
IS transposition length 3,4 
RIS transposition rate 0.2-0.3 
RIS transposition length 3,4 
1 point Recombination rate 0.2-0.35 
2 point recombination rate 0.2-0.35 
Gene Recombination rate 0.2-0.35 

In the GEP expressions, the following notation has been adopted: 
y = compressive strength; a = C3S; b = SO3; c = Blaine; d = Alkali 
The number of iterations carried out for each model is different. 
Where, RMSE stands for Root Mean Square Error and MEA for Mean 

Absolute Error. 
Fig 4 and 5 show a comparison of the three models – GEP model, Fuzzy Logic 

model [20] and ANN-GA model [19].   
Expression 6 in Table 5 has been used in evaluating the GEP model. 

Expression 6 is an ensemble of expression 2, 3 and 4. For the training set, GEP 
model has an RMSE of 1.7948 and Fuzzy Logic model has an RMSE of 1.8453. 
The same trend continues for the testing set too. The former predicts with an 
 



210 P. Thamma and S.V. Barai
 

Table 4 Developed Expressions 

Training Testing S. 
No 

Expressions 
RMSE MEA RMSE MEA 

1 dabce
b

a
y d +−−++= sin  2.4988 1.9603 1.8622 1.5535 

2 
))sin(log(

)log(
3 b

b

a
a

by ++=
 

2.1557 1.8046 1.8935 1.5925 

3 

 

)log()sin()log(2 2 bdbcdy +++=  

 

2.0576 1.6293 1.8345 1.4784 

4 1
)ln(

)))(cos(cos()ln(10 +++−+=
c

b
bcaccy

 
2.0335 1.6235 1.8755 1.4557 

5 y=( exp 3 + exp 4)/2 1.829 1.4256 1.5729 1.2060 

6 y = (exp 2 + exp 3 + exp 4)/3 1.7948 1.3986 1.5280 1.2778 

7 dc eecddby +++++= )log()log()sin(2 1.8016 1.4002 1.6174 1.4386 

8 y = (exp 3 *( exp 7)3)1/4 1.7701 1.3620 1.4956 1.3146 

9 Fuzzy model [17] 1.8453 1.4119 1.8010 1.6125 

10 ANN-GA model [16] 1.7756 1.3310 1.2835 1.0250 

 

Fig. 4 Comparison of the three models using training data 

RMSE of 1.5280 and the latter with an RMSE of 1.8010. This shows that the 
GEP model predicts better than the Fuzzy logic model. But the ANN-GA 
model predicts the compressive strength of cement with a slightly less error 
compared to the GEP model. But ANN-GA model is a black box. Hence  
GEP is proven to predict the cement compressive strength better than the other 
two. 
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Fig. 5 Comparison of the three models using testing data 

6   Summary and Future Work  

Present study shows that GEP is a very convenient tool in modeling the 
compressive strength of cement mortar. Unlike ANN, GEP is not a black box. 
Given the parameter values, the compressive strength can be predicted by just 
using a calculator. The GEP model has been compared to the Fuzzy Logic Model 
and has proved to be better than the Fuzzy Logic Model. The ensemble equations 
were observed to yield better results compared to the original expressions 
developed by the GEP model. A larger data set is preferable for a better 
understanding. Hence, a system in which genetic algorithms can be employed to 
find out the weights of the individual expressions (to be used in ensembling) can 
be modeled. 
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Fault-Tolerant Nearest Neighbor Classifier
Based on Reconfiguration of Analog Hardware
in Low Power Intelligent Sensor Systems

Kuncup Iswandy and Andreas König

Abstract. An increasing interest of low-power integrated intelligent sensor systems
is intended for the efficient realization of mobile and distributed realizations. Wire-
less sensor networks (WSN) are one possible example, where long term sensor vig-
ilance and data acquisition and rather sporadic and brief communication phases
occur. Mixed-signal realization, in particular exploiting sub-threshold implemen-
tation are interesting, but suffer from susceptibility to environmental and process
parameter deviations. Redundancy and reconfiguration based on evolutionary ap-
proaches can overcome these problems and raise the yield. In this paper, the be-
havioral model of a previously implemented one-nearest neighbor (1-NN) reconfig-
urable mixed-signal classifier is modified by using Gaussian distribution of process
parameter deviations, which is more close to real problems rather than uniform dis-
tribution used in our prior work. An eye-tracking example will be employed for
the case study. To compensate classifier performance due to static deviations, the
prototypes are adjusted or reconfigured by Particle Swarm Optimization (PSO) and
successfully proved in our simulation results. The yield could be increased consid-
erably, so that PSO and instance based reconfiguration gives broader applicability
to low-power mixed-signal circuits.

1 Introduction

Integrated sensor systems for intelligent problem solutions find increasing industrial
interests and applications. Intelligent ventilation or airbag-triggering systems from
the automotive domain are just two established examples. In particular, power con-
sumption is of paramount importance due to restricted energy resources for mobile
and distributed realizations. Even state-of-the-art energy harvesting techniques still
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demand for extremely power economic circuit and system implementations. Wire-
less sensor network, robotics, or Ambient Intelligence applications, such as Assisted
Living tasks, are common examples of application fields. Mixed-signal solutions, in
conjunction with dedicated device and circuit technology exploiting sub-threshold
operation of MOS transistors, has been the subject of low-power designers for more
than two decades. Compact and efficient mixed-signal low-power solutions can be
achieved for intelligent integrated sensor systems. However, these are extremely vul-
nerable to environmental and process parameter deviations. Recognition or classifi-
cation rates of intelligent systems could be substantially compromised, effectively
reducing the circuit and system yield to unacceptable levels.

One of the established techniques for yield optimization, which is adopted in our
work, is to reconfigure the circuit, employing internal redundancy and reconfigura-
tion options, to achieve an instance specific correction or in-spec behavior. The first
time such an approach was industrially exploited, was with the Intel ETANN analog
neural network chip, where chip-in-the-loop-learning (CHILL) was applied, adjust-
ing EEPROM synapses by gradient descent learning [8]. In more recent approaches
from the field of evolvable hardware, evolutionary computing (genetic algorithms,
GA) were applied to restore circuit performance or breed new circuits [9].

In the work presented here, we pick up results and complete a task from a
previous project, where the development of a design methodology for very low-
power mixed-signal implementations of intelligent sensor systems has been pur-
sued. One of the benchmark examples was eye-shape detection and tracking for
human-machine-interfacing in 3D-display control [5]. Vision sensors with high dy-
namic range and focal-plane low-power feature computation as well as a mixed-
signal classifier were designed and implemented1. On behavioral level, employing
the proprietary QuickCog system, application systems, e.g., eye shape detectors,
where developed eliminating redundancies on algorithmic level with corresponding
power savings. System components, e.g., the classifier, were designed in Cadence
DFW II with different circuit solutions and validation took place by sending data
and classifier contents to Cadence DFW II simulations using HDLs as a vehicle for
export and result import. Thus, consistent behavior of circuits and systems could be
assured and/or optimization could come in.

Fig. 1 Reconfiguration ap-
proach for intelligent sensor
circuit and system (left)
chip (right) circuit-level
reconfiguration

1 Designers were J. Skribanowitz, J. Dge, C. Mayr, T. Bormann, and C. Klug.
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In addition to these design time activities, restoration options of manufactured
chips were investigated. Figure 1 explains the concept, which is close to CHILL and
today’s evolvable hardware approaches. In the next section, the physical classifier
is explained, that is subject of the case study by PSO. Then PSO will be briefly
rehearsed and the applied behavioral model be explained. The experimental sec-
tion explains details of the employed data, assumed perturbations and the achieved
results. Concluding, an outlook on potential improvements and future exploitation
will be given.

2 Reconfigurable Hardware Implementation of Nearest
Classifier

Nearest neighbor classification is a well established technique. The basic k-NN ap-
proach suffers for embedded application from the need to store all training samples.
Iterative reduction algorithms, e.g. the reduced-nearest neighbor technique of Gates
[5], alleviates this problem, requiring only the storage of a fraction of the prototypes.
On the other hand, established techniques of feature selection can reduce the data di-
mension, too. Finally, implementation of friendly city block metric can be applied in
the required 1-NN classification. Figure 2 shows the layout and manufactured chip
of a low-power analog classifier, that contains two modules for eight prototypes and
eight features, each. The analog circuits implement Manhattan distance and a looser
takes all circuit (LTA) for class affiliation due to minimum distance prototype. Pro-
totypes are digitally stored in 6-bit RAM cells and converted by local DACs. The
manufactured circuit potentially is very vulnerable to process deviations, which po-
tentially can be compensated by shifting prototype vectors, i.e., changing or recon-
figuring the 6-bit patterns in the chip to restore classification accuracy and, thus,
yield. In this work, PSO will be investigated for its aptness to achieve the aspired
compensation. For reasons of flexibility with regard to investigated perturbations, a
behavioral model of the chip has been established, that will also be discussed in the
following section.

Fig. 2 Layout and chip of
reconfigurable mixed-signal
classifier chip
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3 Optimization of Reconfigurable Prototypes

3.1 Particle Swarm Optimization

Particle swarm optimization (PSO) method for function optimization is one of the
evolutionary computation techniques and was originally introduced by Kennedy and
Eberhart [2]. PSO is a population based technique to explore through the multi-
dimensional search space. For our application, the particles represent a set of the
prototypes put into a row vector as shown below

xi = (xi11,xi12, ...,xi1D,xi21, ...,xiPD), (1)

where P is the number of prototypes and D indicates the number of features.
The particles evaluate their positions relative to a fitness function. The fitness

function is determined by an application-specific objective function (i.e., 1-NN clas-
sifier chip with the modeling of deviation parameters, see Section 3.2).

In every iteration, the velocity vector of each particle is updated based on sharing
memories of their best positions, where there are three parts, the momentum part, the
cognitive part, and the social part. The original formula developed by Kennedy and
Eberhart was improved by Shi and Eberhart [6] by adding new parameter (inertia
weight) into the original PSO algorithm, where we adopt their formula in this paper.
The particles are manipulated according to the following equation

vt+1
i = ω ·vt

i + c1 · r1 · (Lt
i −xt

i)+ c2 · r2 · (Gt
i − xt

i), (2)

and
xt+1

i = xt
i + vt+1

i , (3)

where L is the local best position of each particle, G is the global best particle found
among all the particles. The parameter c1 and c2, called the cognitive and social
learning rates, are constant values set in range [0.5, 2.5]. The parameter ω , used to
control the influence of the previous velocity [7], is in range of [0.4, 1].

3.2 Objective Function and Gaussian Model

The classifier chip described in Section 2 is modeled in C-code. Prototypes are
quantized to 6-bit and sensor data comes in as ’analog’ unquantized values. Fig-
ure 3 shows the computational steps or operators of 1-NN classifier with Manhattan
distance modeled in C. The perturbation pattern for operators, representing manu-
facturing problems, was introduced using Gaussian distribution for representing the
individual deviation characteristics of the hardware. Perturbation for operators was
modeled by a scale and an offset parameter as follows

Znew = Zold · (1 + R)+ h, (4)

R = randn() ·σR + μR, (5)
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Fig. 3 Block diagram of 1-NN classifier model

h = randn() ·σh + μh, (6)

where R is an additive value of scaling factor, which affects the magnitude of output
and h is an offset value. Both scaling and offset variables are generated randomly
using Gaussian distribution (5) and (6), where the standard deviation parameter of
Gaussian distribution is summarized in Table 1. Both parameters μR and μh is set to
zero. Three operators, i.e. DAC, subtraction, and absolute, are illustrated in Fig. 3(a).
For a decision making with regard to the minimum distance, a sequential comparator
is applied in the model as shown in Fig. 3(b), where the inputs of each comparator
are modeled in the same way with other operators.

Table 1 Deviation values used for generating Gaussian distribution

Scaling R0 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10

σR 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

offset h0 h1 h2 h3 h4 h5

σh 0.00 0.01 0.02 0.03 0.04 0.05

3.3 Optimization Procedure

The procedure of adjusting prototypes is as shown in Fig. 4. The raw sensor data
set is split into training and test sets. The feature computation is applied to extract
important features of the sensor signal. The three processes, i.e. Automatic Feature
Selection (AFS), min-max normalization, and Reduced-Nearest-Neighbor (RNN),
are sequentially employed by QuickCog [5, 4]. After the required prototypes are ob-
tained, they will be adapted by PSO for compensation using the hardware modeling
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Fig. 4 Procedure of proto-
type optimization

Feature Computation

Evolutionary Optimization
(PSO or GA)

prototypes

train
samples

Feature
Selection

Normalization

Reduced-
Nearest

Neighbor

Feature
Selection

Normalization
(Recall)min -

max

best
features

normalized
train

samples

Feature Computation

test
samples

Hardware Modelling
of

1-Nearest Neighbor

optimized
prototypes

Hardware Modelling
of

1-Nearest Neighbor

of 1-NN. Then, the adjusting prototypes will be reused for generalization using test
set.

The parameter settings of PSO in our experiments were determined as following:

• Population size is 20.
• The inertia weight ω is initially set to 1 and linearly decreased to 0.4 in the end

of iteration.
• Both c1 and c2 are set to 2.
• Maximum iteration is limited to 100.
• The speed of particles in moving to new place is limited in range of [-1, 1].
• The vector space of particles are set in range of [0, 1].

4 Experiments and Results

In our experiment, eye-shape detection benchmark data with eye (28 samples) and
non-eye (105 samples), is employed. This data set was split into training and testing
sets. The group of eye was equally split for training and generalization, whereas
the group of non-eye was 58 samples for training and 47 for generalization. The
examples of eye and non-eye images are shown in Fig. 5(a). The projection of data
analysis using nonlinear mapping technique [3] can be shown in Fig. 5(b). This
eye data has 12 features extracted by using Gabor filter (feature computation) [5].
The AFS with sequential backward selection (SBS) reduced to six features. For
selecting more robust and unbiased features, AFS can be improved by using cross-
validation techniques [1]. A RNN using Manhattan distance computed six proto-
types [5], which consist of three samples from eye class and other three samples
from non-eye class. In the ideal case (without perturbation) of classifier, the classi-
fication accuracy is 100%.
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(a) (b)

Fig. 5 Six eye and six non-eye examples of images (left) and projection of eye-shape feature
space (right)
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Fig. 7 Average of quality and accuracy rate without PSO

In the first experiment, the sensitivity of storage position of prototypes was inves-
tigated and the results were shown in Fig. 6. The model was generated by Gaussian
perturbation with σR = 0.1 and σh = 0.01. The permutation was done 10 times.
From this experiment, we can increase the performance of classifier by finding the
best storage position of prototypes.

Next, we investigated the sensitivity of the classifier with regard to the variation
of Gaussian parameter (given in Table 1) for scaling R and offset h variables, which
express the circuit deviation. In this experiment, we kept with the same storage
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Fig. 8 Average of quality and accuracy rate adjusted by PSO

position of original prototypes. We generated 10 samples for each alteration of σR

and σh. The results of training and test sets are summarized in Fig. 7, where the per-
formance of chip classifier degrade when both σR and σh parameters are increased.
In the recovering process, we computed the average of 10 runs of each perturbation
case. Figure 8 shows that, the adjusting original prototypes by PSO can increase the
performance of chip classifier above 97% of quality value and achieve above 94%
of recognition rate. We scaled up curves in Fig. 8 for observation purpose.

As an indicator for category of acceptable chip classifier, we defined a threshold
of minimum value, i.e., 95% of classification rates. For Gaussian perturbation with
σR = 0.1 and σh = 0.03, we analyzed 10 modeling classifiers. We found only three
samples performing above the threshold and seven samples failed. With reconfig-
uring the prototypes by PSO, the performance of seven samples were restored to
exceed the threshold value and another good samples were boosted to attain better
performance. For perturbation with σR = 0.2 and σh = 0.05, we analyzed in similar
way by taking also 10 samples and found all 10 samples failed. The PSO increased
the performance of classification rates for all samples, but only eight samples can
be categorized as good samples. Figure 9 summarizes these simulation and shows
the efforts of restoration by PSO. In addition, we analyzed the sensitivity (True Pos-
itive Ratio) and specificity (True Negative Ratio) of these 10 samples, where PSO
can improve the modeling classifiers with high sensitivity and high specificity. The
analysis results were shown in Table 2. Simulating chip manufacturing problems
with two different Gaussian perturbation parameters, we proved the advantage of
readjusting prototypes of classifier by PSO on 100 samples of the modeling classi-
fier. In Table 3, we categorized 100 samples into five groups, i.e. G1 = 100%, G2 =
(100%,95%], G3 = (95%,90%], G4 = (90%,70%], and G5 = (70%,0%], with regard
to their performance the simulation results shows that adjusting prototypes by PSO
with Gaussian perturbation (σR = 0.1 and σh = 0.03) can give 95 of 100 samples per-
formed above the threshold value, compared to 48 samples for original prototypes.
For high perturbation, PSO can give 78 of 100 samples compared to only 6 samples
without optimized by PSO.
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Table 2 Sensitivity and specificity of 10 model 1-NN classifier chips

Model Original PSO
Sensitivity Specificity Sensitivity Specificity

σR = 0.1, σh = 0.03 0.927a (0.130b) 0.802 (0.243) 0.906 (0.074) 0.996 (0.005)
σR = 0.2, σh = 0.05 0.800 (0.285) 0.559 (0.312) 0.862 (0.160) 0.987 (0.012)

a Mean value.
b Standard deviation.

Table 3 Simulating of 100 model 1-NN classifier chips and comparison between adjusted
(A) and original (B) prototypes

Model G1 G2 G3 G4 G5
A B A B A B A B A B

σR = 0.1, σh = 0.03 14 0 81 48 5 26 0 15 0 11
σR = 0.2, σh = 0.05 3 0 75 6 19 25 3 35 0 34
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Fig. 9 Restoring performances of 10 samples by PSO

5 Conclusion

The paper deals with the importance and potential problems of mixed-signal low-
power integrated sensor system implementations. Reconfiguration was proposed to
cope with manufacturing problems and achieve acceptable yield. PSO was investi-
gated for that purpose based on a behavioral model of an implemented 1-NN clas-
sifier and found highly effective, even for extreme deviations. The experimental
results showed that the reconfigurable approach can cope with different Gaussian
perturbation parameters. However, the approach still lack to restore all chip samples
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above the threshold value due to exhausted resources of prototypes. To restore all
samples to achieve above the threshold value, we can increase the degree of freedom
in our optimization technique by adding more prototypes and finding the sequence
of prototype storage positions. In future work, more sophisticated optimization and
other classifier models, e.g., SVM implementations, will be regarded.
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Text Documents Classification by Associating Terms 
with Text Categories 

V. Srividhya and R. Anitha∗ 

Abstract. Automatic text categorization has always been an important application 
and research topic since the inception of digital documents. With the prevalence of 
digital documents and the wide use of e-mail and web documents, text categoriza-
tion is regaining interest and is becoming a central problem in digital text collec-
tions. There have been many approaches to solve this problem, mainly from the 
machine learning community. This paper explores the use of association rule min-
ing in building a text categorization. This approach has the advantage of a very fast 
training phase, and the rules of the classifier generated are easy to understand and 
manually tuneable. The investigation leads to conclude that association rule mining 
is a good and promising strategy for efficient automatic text categorization. 

1   Introduction 

Amazing development of Internet and digital library has triggered a lot of research 
areas. Text categorization is one of them. Text categorization is a process that 
group text documents into one or more predefined categories based on their con-
tents [1]. It has wide applications, such as email filtering, category classification 
for search engines and digital libraries. 

Basically there are two stages involved in text categorization. Training stage 
and testing stage. In training stage, documents are preprocessed and are trained by 
a learning algorithm to generate classifier. In testing stage, a validation of classi-
fier is performed. There are many traditional learning algorithms to train data, 
such as Decision trees, Naïve-Bayes (NB), Support Vector Machines, k-Nearest 
Neighbor (kNN), Neural Network (NN), etc [9]. Nowadays, text categorization 
becomes fundamental given the large number of on-line documents that have to be 
sorted and grouped. For example large companies could use text classifiers for in-
coming e-mail triage and memo categorization. Text classifiers can be used to 
classify web pages, in-coming emails, memos, news and any other text collection. 
Building a text classifier usually necessitates a training set consisting of a  
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collection of text documents already associated with topical categories. Once a 
classifier is built with the training set, a test set, consisting of documents with 
known categories, is classified and the found class labels compared to the existing 
categories to determine the effectiveness of classifier. 

This paper exploits the use of association rules mining in building categoriza-
tion system from relatively large training set. The remainder of the paper is organ-
ized as follows: Section 2 gives an overview of related work in text categorization 
and association rule mining. Section 3 shows a new categorization approach. Ex-
perimental results are described in section 4. Summarization of research and  
discussion of future work are narrated in Section 5. 

2   Related Work 

Many text classifiers have been proposed in the literature using machine learning 
techniques, probabilistic models, etc. Although a lot of approaches have been pro-
posed, automated text categorization is still major area of research. The use of  
association rule mining for building classification models is very new. This classi-
fication systems discovers the strongest association rules in the database and use 
them to build categorizer. 

In the following subsections a more detailed overview of the related work is 
presented from both domains: text categorization and association rule mining. 

2.1   Text Categorization 

In the past decade, great attention was paid to the text categorization problem Most of 
the text classifiers that were developed and proposed are either machine learning 
based or statistical based. Classifiers based on probabilistic models have been pro-
posed starting with the first presented in literature by Maron in 1961 and continuing 
with naïve Bayes [6] that proved to perform well. ID3 and C4.5 are well-known 
packages whose cores are making use of decision trees to build automatic classifiers 
[4, 5]. K-nearest neighbor (k-NN) is another technique used in text categorization 
[12]. Another method to construct a text categorization system is by an inductive 
learning method. This type of classifier is represented by as set of rules in disjunctive 
normal form that best cover the training set [7]. As reported in [11] the use of bigrams 
improved text categorization accuracy as opposed to unigrams use. In addition, in the 
last decade neural networks and support vector machine (SVM) were used in text 
categorization and they proved to be powerful tools [10]. 

2.2   Association Rule Mining 

2.2.1   Association Rules Generation 

Association rule mining has been extensively investigated in the data mining lit-
erature. Many efficient algorithms have been proposed. Among the proposed algo-
rithms the best known are apriori and FP-Tree growth [2]. Association rule mining 
typically aims at discovering associations between database items in a transac-
tional. Given a set of transactions D = {T1,.., Tn} and a set of items I= {i1,.., im} 
such that any transaction T in D is a set of items in I, an association rule is an  



Text Documents Classification by Associating Terms with Text Categories 225
 

implication A-->B where the antecedent A and the consequent B are subsets of a 
transaction T in D, and A and B have no common items. For the association rule 
to be acceptable, the conditional probability of B given A has to be higher than a 
threshold called minimum confidence. Association rules mining is normally a 
two-step process, wherein the first step frequent item sets are discovered (i.e. 
item-sets whose support is no less than a minimum support) and in the second step 
association rules are derived from the frequent item-sets. 

2.2.2   Associative Classifiers 

Besides the classification methods, associative text categorization, and a new 
method that builds associative general classifiers. In this case the association rule 
mining represents the learning method. Two models were presented in the litera-
ture: CMAR and CBA [8]. 

The main idea behind this approach is to discover strong patterns that are asso-
ciated with class labels. The next step is to take advantage of these patterns such 
that a classifier is built and new objects are categorized in the proper classes. 

3   Building an Associative Text Classifier  

A new document categorization algorithm was proposed by M.Antonie and Osmar 
R.Zaiane [3]. It has the following advantages: it makes no assumption of term in-
dependence and it is fast during both training and categorization. ARC-BC is an 
Apriori based algorithm that only interested in rules that indicate a category label. 
In this algorithm each set of documents that belong to one category is considered 
as a separate text collection to generate association rules. If a document belongs to 
more than one category, this document will be present in each set associated with 
the categories that the document falls into. 

3.1   Association Rule Generation 

In this algorithm apriori algorithm to discover frequent term-sets in documents. 
Eventually, these frequent item sets associated with text categories represent the 
discriminate features among the documents in the collection. The association rules 
discovered in this stage of the process is further processed to build the associative 
classifier. Here consider each set of documents belonging to one category is con-
sidered as a separate text collection to generate association rules from. If a docu-
ment belongs to more than one category this document will be present in each set 
associated with the categories that the document falls into.  

There are two approaches have been considered in building an associative clas-
sifier. The first one ARC-AC (Association Rule-based Classifiers with All catego-
ries) is used to extract association rules from the entire training set. As a result of 
discrepancies among categories in a text collection of a real world application, 
discovered that it is difficult to handle some categories that have different charac-
teristics (small categories, overlapping categories or some categories having 
documents that are more correlated than others). As a result ARC-BC (Association 



226 V. Srividhya and R. Anitha
 

Rule-based Classifier By Category) is used to solve such problems. The ARC-BC 
algorithm is described more detail in Figure 1 below. 

Algorithm: ARC-BC Find association rules on the training set of the text when 
the text corpus is divided in subsets by category. Input: A set of documents of 
documents (D) of the form Di = {C, t1, t2, .tn} where Ci is the category attached to 
the document and, tn are the selected terms for the document; min_support is the 
threshold for support. Output: Association rules like: t1 ^t2^…….tn => Ci;   tj is a 
term and Ci is the category. 

 

Fig. 1 ARC-BC Algorithm  

In step 2, it generates the frequent 1-itemset. In steps 3-12, it generates all the 
k-frequent item sets. In step 14-16, it generates the association rule. It’s almost 
same as the Apriori, but there are some differences: 1) In step 5, the filter table 
function removes the terms not in frequent i-1 sets, which are not useful in the 
next loop. 2) In step 14-16, it generates rules by combining the frequent item sets 
with category.  

Table 1 presents a set of rules that are discovered in the text collection. Such 
rules are composing the classifier. The rules are human readable understandable. 
Although the rules are similar to those produced using a rule-based induced sys-
tem, the approach is different.  

Table 1 Example of association rules composing the classifier 

People^editor^dear => Letter 

People^disease^medical=>Health 

Players^matches =>Sports 
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3.2   Prediction of Classes Associated with New Documents 

The set of rules that were selected represent the actual classifier. This categorizer 
will be used to predict to which classes new documents are attached. Given a new 
document, the classification process searches in this set of rules for finding those 
classes that are the closest to be attached with the document presented for catego-
rization. This subsection discusses the approach for laelling new documents based 
on the set of association rules that forms the classifier. 

Given a document to classify, the terms in the document would yield a list of 
applicable rules. If the applicable rules are grouped by category in their conse-
quent part and the groups are ordered by the sum of rules confidences, the ordered 
groups would indicate the most significant categories that should be attached to 
the document to be classified. This order category is named as dominance factor δ. 
The dominance factor allows us to select among the candidate categories only the 
most significant. When δ. is set to a certain percentage a threshold is computed as 
the sum of rules confidences for the most dominate category times the value of the 
dominance factor. Then, only those categories that exceed this threshold are se-
lected. The function (Take K Classes) selects the most k significant classes in the 
classification algorithm. The algorithm for the classification of a new object is 
given in Figure 2. 

Algorithm: Classification of a new object 
Input: A new object to be classified o; the Associative classifier (ARC); the 

dominance factor δ; the confidence threshold T 
Output: Categories attached to the new object 

 

Fig. 2 Classification of a new object  
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4   Experimental Result 

4.1   Experiment Data 

Data source of experiments is news document. The total number of documents is 
7347, each document with a pre assigned category label. Stop words are used as 
filter and then words are stemmed by porter stemmer. After preprocessing, there 
are unique terms stored in the database. The corpus is split into two parts, 5000 
document training set and 2347 document testing set respectively. 

4.2   Experimental Results and Analysis 

Table 2 shows the result of generated rules with different training time based on 
three support thresholds 75%, 80%, 85%. 

Table 2 Generated rules and Training time  

Data set 
size  

1000 documents 2000 documents 3000 documents 4000 documents 5000 documents 

Support 
% 

N TT 
(Sec) 

N TT 
(Sec) 

N TT 
(Sec) 

N TT 
(Sec) 

N TT 
(Sec) 

75 07 1.69 21 1.79 30 2.33 29 2.89 26 3.60 

80 03 1.62 20 1.59 22 2.21 22 2.69 18 3.42 

85 03 1.52 12 1.13 17 2.11 16 2.31 14 2.48 

N - # of Generated Rules; TT – Training Time (sec). 

From Table 2, firstly we can see that the number of generated rules varies with 
the size of training set. From 1000 to 3000 documents, the number of rules in-
creases correspondingly, and for 5000 documents, it decreases comparing with the 
3000 documents. Secondly, when the support thresholds are going up (75%, 80%, 
and 85%), the number of rules and training time are reduced. Figure 3 shows the 
chart of dataset vs. training time compared by two support values, whose data is 
derived from the above table , the training time with higher support value 
85%(bottom line) has a better performance, and noticed that when the size of data 
set is greater than 3000, the difference of training time is remarkably increased. 
The trend was clearly showed in Figure 4. 

The validation of the association rule classifier is implemented and table 3 
shows the experiment result. Two testing data sets 100 and 1000 are applied on 
two training data sets with three support thresholds: 75%, 80% and 85%. The 
validation is measured by accuracy which is the percentage of correctly classified 
data. The accuracy has a significant increase when the support threshold is set up 
to 85% for the 5000 data set. The difference shows that increasing the number of 
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Fig. 3 Dataset vs Training Time (Supt=75% and 85%) 

 

Fig. 4 Training Time vs. Support (Data set Size = 1000) 

files in training set and the support threshold can increase the accuracy  
classification. 
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Table 3 Accuracy of classifier for different support and data set 

Support  Number of Documents in 

Training Set 

Number of documents 

in Testing Set 75% 80% 85% 

100 43% 42% 52% 
1000 

1000 49% 54% 53% 

100 57% 55% 78% 
5000 

1000 54% 51% 79% 

5   Conclusion and Future Work 

This paper introduced a new technique for text categorization. It employs the use 
of association rules. Our study provides evidence that association rule mining can 
be used for the construction of fast and effective classifiers for automatic text 
categorization. One major advantage of the association rule based classifier is that 
it does not assume that terms are independent and its training is relatively fast. 
Furthermore, the rules are human understandable and easy to be maintained. Fea-
ture selection can be done adding the weight of each term in the documents and 
pruning the terms with lower weight. The feature selection will reduce the number 
of terms as well as reduce the noisy of the terms. 
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Applying Methods of Soft Computing to Space
Link Quality Prediction

Bastian Preindl, Lars Mehnen, Frank Rattay, and Jens Dalsgaard Nielsen

Abstract. The development of nano- and picosatellites for educational and scien-
tific purposes becomes more and more popular. As these satellites are very small,
high-integrated devices and are therefore not equipped with high-gain antennas, data
transmission between ground and satellite is vulnerable to several ascendancies in
both directions. Another handicap is the lower earth orbit wherein the satellites are
usually located as it keeps the communication time frame very short. To counter
these disadvantages, ground station networks have been established. One input size
for optimal scheduling of timeframes for the communication between a ground sta-
tion and a satellite is the predicted quality of the satellite links. This paper introduces
a satellite link quality prediction approach based on machine learning.

1 Background

Within the last decade the educational and academic approaches in space science
made huge steps forward. Driven by the development of small satellites for taking
scientific or educational payload of any kind into space, universities all over the
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world started to design, develop and launch small satellite projects based on the
Cubesat standard [1] [2].

Small satellites often operate in the low earth orbit (LEO), which leads to a
very high orbit frequency. As a consequence the communication timeframe between
satellite and affiliated ground station tends to be about 30 minutes a day whereas the
ground station is idle for the remaining time [3]. As the available time for communi-
cation between satellite and mission control can be crucial for a mission, investiga-
tions have to take place to optimize the usage of ground stations and to significantly
extend the time a satellite can communicate with the mission control center.

A sophisticated approach for a world-wide interconnection of independent ground
stations [4] is the Global Educational Network for Satellite Operations (GENSO)
[5]. Its aim is to share ground station capacity to different mission controls by cre-
ating a hybrid, supervised peer-to-peer network using the Internet.

Interconnecting a very large amount of satellite ground stations will form the
base for novel scientific approaches in the domain of link quality determination
and prediction, overall optimization of space up- and downlinks as well as hard-
ware utilization and the influence of environmental conditions on space communi-
cation. This will be a major step forward for research as well as for educational
purposes.

2 Specific Optimization Aims

The Global Educational Network for Satellite Operations constitutes the scientific
base for a multitude of research fields and investigations. The research aims on the
identification and utilization of link quality information.

For the first time in history the possibility is provided to gain focussed informa-
tion about the quality of LEO satellite downlinks from a huge amount of indepen-
dent ground stations throughout the world. The gained information can be processed
and applied in various ways, whereas the optimization of the network itself is only
one of them.

The research aims rely on a broad base on the GENSO project as it delivers the
needed raw data for the majority of investigations and offers the possibilities for ap-
plying the discovered novel models and algorithms in a productive and mature sys-
tem. It also provides an unprecedented availability of ground stations which makes
such high sophisticated investigations even possible. The majority of the research
results and derived models will directly flow back into the project as implemen-
tations forming sophisticated cornerstones of GENSO. In case of soft-computing
approaches a continuous learning, refinement and adaption process takes place as
the resulting model is dynamic and self-optimizing.

Each of these specific aims constitutes a novel approach in its field of science and
can support space operations upcoming the next decade and probably far beyond.
All of the topics during research are aimed on focus on the reduction of resource
and energy consumption to enhance the outcome of space missions drastically.
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2.1 Space Up- and Downlink Quality Identification and
Determination

As a base for all further scientific approaches in this direction an overall metric has
to be identified for measuring and comparing the quality of satellite links. This is
due to the application of different protocols, modulations and frequency bands on
one hand and the operation in a heterogeneous hardware environment on the other
hand. Figure 1 illustrates the complexity of communication between ground and
space.

Fig. 1 The communication signal path between a spacecraft and a ground station

As the network itself is not able and also not permitted to be aware of the content
of the transferred data between a mission control center and a spacecraft a method
has to be identified to measure the quality in a completely passive way.

The investigations include a possible design for the determination of uplink qual-
ity for future application.

2.2 Identification of Correlations between Environmental
Conditions and Space Link Quality

The collected information about satellite link quality can be set into relation with
environmental data to identify correlations between environmental conditions and
their impact on link quality. The ground station network can therefore be utilized as
very large distributed sensor cluster.

Environmental variables which will be taken into account cover:

• Space weather: Solar bursts, ion storms and similar space weather conditions do
have a heavy impact on space communication links. Large ground-bounded sen-
sor clusters and satellite missions for measuring space weather provide detailed
information about the current situation in space.

• Earth weather: Rain, humidity, snow and other well-known earth weather con-
ditions also do affect radio communication. Not only the weather on ground but
also the conditions within the stratosphere, mesosphere and ionosphere have to
be taken into account.

• Atmospheric effects : Atmospheric gases in different layers can have impact on
radio links whereas higher frequencies are more susceptible. Effects like ice crys-
tals in higher atmospheric layers are taken into account.
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• Geographical circumstances: The positions of sun and moon play an important
role amongst other geographical and temporal circumstances in the condition of
radio links. Therefore their relative positions have to be taken into account.

Actually not being an environmental variable but having perhaps the largest influ-
ence on link quality are communication parameters like carrier frequency, band-
width, applied modulation and encodings, filters and many others.

The resulting calculation model establishes the base for further investigations on
environmental impacts on one hand and quality predictions on the other hand.

2.3 The Long-Term Impact of Climate Changes on Short-Range
Satellite Communication

Based on the derived model of dependencies between environmental conditions and
the quality of satellite links the focus is set on the impact of specific magnitudes as
they play a possible role within the global climate change. The different impacts on
the different radio frequency bands, modulations and encodings are investigated and
a long-term impact prediction on satellite communication based on current prog-
noses is developed.

The outcoming result is supposed to be a significant factor in future spacecraft
and ground segment design as a possible outcome of the investigations identifies
susceptible communication variables in respect of the global climate change. This
also has to be taken into consideration when designing commercial satellites which
stay operational in orbit for a decade or more.

2.4 The Rapid Determination of Spacecraft Orbital Elements

When new spacecrafts are exposed into their designated orbit by a launch vehicle,
their exact position and even the orbit is not known. It can take up to several days
until institutions like the North American Aerospace Defense Command (NORAD)
have clearly identified the new spacecraft in orbit and provide the exact orbital el-
ements (the Keplerian Elements) defining the position and attenuation of an object
in space. The worst situation is that no communication can be established to the
spacecraft during that time. The first hours and days in orbit are the most impor-
tant ones since most problems occur during that time [6]. A significant amount of
space mission failures have been a consequence of no communication possibilities
between ground station and spacecraft causing enormous losses of investment, both
time and resources.

Taking these circumstances and the fact that institutions like NORAD are un-
der governmental control into consideration points to the need for an independent,
reliable process for rapid orbit determination.

An algorithm shall be proposed, modeled, simulated and approved for the auto-
mated orbit determination by utilizing the ground stations participating in GENSO
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and the model derived from former quality considerations. The algorithm is intended
to reduce the time for gaining a precise orbit from several days to a couple of hours
and therefore significantly support future space mission.

2.5 The Short-Term Prediction of Space Communication Link
Quality

Based on the aggregated information of satellite link quality and current environ-
mental conditions a short-term prediction model will be designed. Not only the use-
ful booking of ground stations is going to be optimized but also the probability of
successful space links is dramatically raised.

This raises the amount of retrievable satellite data during nominal operation sig-
nificantly and can even play a major role in the success of a whole mission in critical
situations wherein time is the most important factor.

2.6 Automated Identification of Imprecise Ground Stations

By reversing the model for short-term prediction of the link quality and investigat-
ing on differences between the predicted and effective link quality after the pass of
a spacecraft has taken place, ground stations with receiving and transmitting capa-
bilities below the predicted level can be identified.

The ground station operators are informed about problems with their communi-
cation hardware which offers the possibility of having a low-cost calibration facility
for non-commercial ground stations. In parallel the ground stations are downgraded
within the network to avoid the use of broken or imprecise ground stations in critical
situations.

2.7 Automated Determination of Spacecraft Health and Orbit
Changes

Based on the model for prediction of the satellite link quality anomalies in a space-
craft’s behavior and its health status can be (indirectly) identified and counter-
measured. Not only signal weaknesses and anomalies can be identified but also
orbit deviations. The orbit information can be automatically re-adjusted by apply-
ing a prediction algorithm as for the rapid orbit determination after a spacecraft
launch.

3 Data Mining Architecture

The machine learning pipeline has to consist of various subsystems in order to
form a comprehensive environment for the selection and application of modern AI
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classifiers to achieve all of the projected aims. The subsystems obtain and pre-
process all possible variables which could influence communication links on the
one hand and provide the prediction results as input to various decision making
problems and for error recognition on the other hand. Figure 2 visualizes the order
and interdependencies of the specific subsystems.

Fig. 2 The components of the machine learning pipeline

The purposes of the specific subsystems are:

• GENSO database: Information about the involved hardware (spacecraft and
ground station) is a prerequisite for precise data normalization. The network
provides this information to participating ground stations and mission controls
for scheduling and communication purposes. The feature vector for each clas-
sification is fed with hardware and communication details using the provided
interfaces to the GENSO database.

• Satellite pass quality information: The quality of a satellite pass is measured at
the communication ground station, normalized and delivered to the core server,
where it is added to the feature vector for learning. These measurements consti-
tute one of the cornerstones of the prediction model derivation. As the satellite
link quality is the feature to be classified, it is only provided for compiling train-
ing sets, test sets and for model calibration.

• Environmental influences, weather, and space radiation information: Current
data about the environmental conditions during a measured pass has to be
collected utilizing web mining technologies. The collected environmental data
forms another cornerstone of the prediction model derivation.

• Orbiting network control satellite feedback: A novel approach for non-com-
mercial satellites having a very high impact on nowadays and future space mis-
sions is the first orbital space link measurement instrument, a satellite whose
main purpose is to send and receive predefined test data to actively measure a
space link’s quality. The resulting information about bit error rates (BER), the
most significant quality metric of a digital communication link in both sending
and receiving direction, is highly accurate and outperforms any passive link de-
termination by far. As soon as the link quality information from the satellite(s) is
available to the GENSO network it will complement and partially substitute the
passively collected quality information from the ground stations.
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• Central data aggregation and normalization: The data collected from several
sources needs to be aggregated and normalized. Heterogeneous hardware envi-
ronments have to be taken into account just as well as satellite orbits and their
relative position to measuring ground stations, amongst several other particular-
ities like daytime, solar and lunar eclipses etc. The outcome of this process is a
high amount of data properly preprocessed for the application of different model
derivation methods. It therefore forms the base for training and testing different
classifiers.

• Rapid orbit (TLE) determination: Based on the normalized data retrieved pri-
marily from local ground station measurements an algorithm can be identi-
fied and approved by simulation to optimize the determination of spacecraft
orbits.

• Model derivation based on machine learning methods: Having the aggregated
and normalized data as foundation, classification of former learning features are
applied to determine a model for attribute interdependencies. The derived model
is continuously calibrated during the operation of the network.

• Ground station calibration, spacecraft pass quality prediction and spacecraft
scintillation and power status determination: Conclusions on these subjects can
be drawn from the measured pass quality after a pass has taken place by selecting
other features than the pass quality as classification attribute.

The primary value to be predicted and therefore the classification value is the link
quality itself, as it is returned from the ground station network as satellite pass qual-
ity information. The definition of link quality is much more complex as expected
and further investigations have been undertaken by the authors to identify a com-
parable and at the same time expressing size for satellite link quality in [7]. The
satellite pass quality information as it is derived from the network delivers raw sig-
nal strength meter readings from the ground station radio hardware as a function in
time, whereas noise and signal strength is not separated.

The reason for not choosing a more explicit value for representing the link qual-
ity in the first step is that e.g. the bit error rate (BER) requires knowledge about the
transmitted bit sequence in advance for a bit-for-bit comparison if no sophisticated
forward error correction (FEC) is implemented in the communication protocol as
for example in DVB-S [8]. In case of the most common protocol in non-commercial
satellite communication, AX.25 [9], only a simple cyclic redundancy checksum al-
gorithm is applied (CCITT-16) and therefore no detailed bit error rate information
can be obtained. Amongst this the payload transmitted and received by ground sta-
tions is also random to a certain extend (except for protocol headers) what makes a
bit-for-bit comparison impossible.

To gain a numerical value as input size for the classification algorithm, data ag-
gregation and normalization has to be applied on the sequence of data representing
the signal strength at a specific time. The requested numerical value is the BER,
which has the big advantage that it is comparable with the data provided by the
orbiting network control satellite [10].

Together with the orbital elements which precisely describe an object’s position
in space also the location of the ground station is derived from the network’s core
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database amongst several other network and ground station specific parameters.
These parameters can be used to set the measured link quality in relation to the
satellite’s elevation and therefor its distance to the ground station. [11] has proven
that the bit error rate is directly interconnected to the satellite elevation. As a con-
sequence the derived BER has to be normalized with respect to the distance of the
spacecraft.

The myriad of values collectable about ground weather, space weather, environ-
mental conditions and many other, continuously changing, influences on space links
has to be collected, normalized and set in a relation with the transformed satellite
link quality and the network information to build the foundation for the application
of machine learning classifiers.

4 Prediction Model Development

Inspecting the data types of the input parameters, their amount and dimensions and
the data type of the classification results allows a preliminary prediction of which
kind of learning algorithm will deliver the best quality on the test sets. As classi-
fied training data is provided, supervised learning is applied. Supervised learning
generates a global model that maps the input feature vector to classifications. After
parameter adjustment and learning, the performance of the algorithm will be mea-
sured on a real data test set that is separated from the training set and by later on
integrating the classification model into GENSO.

The feature vector consists of mainly numerical values, for example equivalent
isotropically radiated power (EIRP), current spacecraft tumble rate, antenna gain,
frequency band, baud rate, angle between antenna pointing direction and sun, moon
and horizon, distance to spacecraft, solar wind activity, humidity and temperature on
ground, atmospheric ion gas concentration, longitude and latitude, air pressure, and
several more. The prime classification attribute, the link quality, is also numerical,
but will be at first divided into quality classes. When more precise BER information,
most likely from the measurement satellite, is available, the quality will be predicted
as a continuous value using regression. This requires a machine learning algorithm
capable of dealing with numerical classes respectively regression. The authors ex-
pect Support Vector Machines respectively Support Vector Regression to deliver
a very good classification performance [12]. For training and testing the machine
learning algorithm collection and workbench RapidMiner (formerly YALE) [13]
will be utilized. The different classifier performance will be evaluated using 10-fold
cross-validation.

The size of the provided training data and validation test set depends on the
amount of ground stations participating in GENSO and being able to evaluate the
link quality. Every satellite pass constitutes one attribute vector. A LEO satellite
passes a ground stations horizon 6-8 times a day [3] which results in 6-8 pass re-
ports per ground station per satellite per day. In its public Beta phase GENSO is
expected to interconnect approximately 30 ground stations and track 15 satellites
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which results in more than 3000 data sets collected each day. Hence the network
will provide an enormous amount of satellite pass reports and a more than adequate
amount for training and validation in the first 24 hours of operation.

5 Conclusion

Applying methods of artificial intelligence and non-linear optimization techniques
to scheduling input parameters of a highly dynamic distributed cluster of satellite
ground stations can lead to a significant increase in mission return from all space-
crafts in non-geostationary orbit.

Student space projects, non-profit communities like the radio amateurs and prob-
ably even commercial space missions will strongly benefit from this work in vari-
ous aspects: higher reliability, improved resource utilization and the establishment
of quality assurance for satellite space links.
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A Novel Multicriteria Model Applied to Cashew
Chestnut Industrialization Process

Isabelle Tamanini, Ana Lisse Carvalho, Ana Karoline Castro,
and Plácido Rogério Pinheiro

Abstract. The industrialization process of cashew chestnut involves a decision mak-
ing based on subjective criteria. It must be analyzed by the production manager,
representing the decision maker, always aiming the choice of alternatives that max-
imize the entire almond index at the end of the process. Currently, this choice is
carried out by the historical data verification, or considering the tacit experience of
the manager. Therefore, the decision maker tends to miss the choice of the best pos-
sible solution. Due to the problem nature and to the necessity of the presentation of
a good solution, the ZAPROS method was applied to the process. In the case study,
the ZAPROS method application result was the relative and absolute ordinance of
the alternatives, according to the DM’s preferences. A case study was realized at the
most critical part of the industrialization process of the cashew chestnut.

1 Introduction

One of the greatest problems faced by organizations is related to decision making
process. The determination of the object which will conduct to the best result isn’t
a trivial process and involves series of factors to be analyzed. These problems are
classified as complex and the consideration of all relevant aspects by the decision
maker is practically impossible, due to human limitations.

The decision making related to management decisions is a critical process, since
the wrong choice between two alternatives can lead to a waste of resources, affecting
the company. Complex problems found in organizations can be solved in a valid
and complete way through the application of multicriteria methods. This work was
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developed due to the problem faced by the company Cascaju and based on previous
studies realized there [9].

The chestnuts received in the companies present several physical characteristics
(size, origin, harvest, humidity degrees) and are classified according to these char-
acteristics. Then, the chestnuts go through series of mechanized industrial processes
and, each one, influences on the classification. After that, the chestnuts are analyzed,
chosen and stored, until they are submitted to the breaking process. The breaking
process is composed by several stages, and this process presents the greatest dif-
ficulty for the decision making. Fig. 1 shows the cashew chestnut since it is taken
from nature until it is ready to consume.

The problem is represented by the extraction of almonds of cashew chestnuts
with a maximum amount of entire almonds. It represents a critical activity for the
economic context of the northeast of Brazil.

Fig. 1 Cashew Chestnut in nature and ready to consume

The reduction of the number of broken chestnuts in the industrialization pro-
cess depends on the initial humidity. The chestnuts with certain degree of humidity
before the decortication present minor breaking amount. The initial stage of the
process is the humidification, that influences on the entire final almond number. For
attainment of this ideal degree, the previous processes of decortication are adjusted
in the production line. The adjustment takes into account values that can be used
and defined as criteria and then commanded in levels of preferences by the deci-
sion maker. These values are related to the stages that precedes the decortication:
humidification, baking, centrifugation and cooling, and involve values such as im-
mersion and rest time in water, humidity rate, baking temperature, LCC viscosity,
entrance outflow and cooling temperature. On the problem modeling based on ZA-
PROS method, these values were modeled as criteria and levels of preferences were
established according to the preferences and experiences of the production man-
ager, which represents the decision maker. The result of the modeling was a partial
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order of the alternatives, taking into account the preferences considered ideal by the
production manager.

A case study was carried out upon the afore mentioned stages aiming the maxi-
mization of the entire almond number. It was verified the applicability of ZAPROS
method [6] and it was understood that other stages also can be shaped efficiently
with this method of the Verbal Decision Analysis framework [2].

2 The Industrial Process of Breaking Cashew Chestnuts

The process is initiated when the cashew chestnut arrives from the supplier, and,
then, a fast analysis of the raw material standards is carried out by the quality con-
trol. The raw material is bagged, and, posteriorly, stored.

After that, the chestnuts pass through a drying process. The drying is done us-
ing drying sheds, where the chestnuts are spread and dried by the heat of the sun
refracted from a fiber glass roof. After the adequate drying, the raw material is auto-
matically carried from the drying sheds to the classification area “in natura”. In this
stage the chestnuts are classified and stocked in accordance with their sizes (big,
average, small, little and “cajui”) and region of origin.

When removed from the stock, the cashew chestnuts pass to the washing stage,
that aims cleaning superficially chestnuts and eliminating strange materials that are
still present on the raw material. After that, the humidification process starts.

The humidification consists on humidifying the chestnut “in natura”. For this
stage, the chestnuts must be selected according to their classification (size, harvest,
origin and initial humidity). The humidity is analyzed and it will influence on choos-
ing the immersion and rest time. After the analysis, the chestnuts are placed in im-
mersed silos with water (according to the immersion and rest time defined by the
production manager). The humidity of the chestnut is modified during the humidi-
fication process. So, a new analysis of the humidity is necessary, since it influences
on the definition of the LCC viscosity and on the entrance outflow of chestnuts in
the baking recipients. Then, the chestnut is immersed in the LCC (Liquid of the
Cashew Chestnut-peel) on a specific temperature and submitted to an average im-
mersion time of 3 minutes.

The residual LCC present in the surface of the cashew chestnut-peel is removed
and collected through a centrifugation process. After that, the chestnuts pass to the
cooling process, on which they are cooled until they reach an acceptable level to the
decortication process that follows. In this process, it is used a revolving equipment
that, through a mechanical impact, allows opening the cashew chestnut-peel and
removing the almond of its interior. Its velocity is electronically controlled (varying
according to the current humidity degree of chestnuts) and the results are monitored
in order to verify its efficiency.

Some successive processes to the decortication are:
- Separation: through special sieves and pneumatic separators, the almonds (en-

tire ones and pieces) are separated of the peel. There are four sieves, each one with
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a different velocity. When passing trough the first sieve, the chestnuts that weren’t
correctly separated from their peel are taken to the next sieve, and so on;

- Stewed: after the selection, the humidity of almonds must be reduced and the
process of removing the peel that covers the almonds must be facilitated. So, the
almonds are stewed on an average temperature of 70 degrees for an average time of
12 hours;

- Packing: the packing process uses a system of vacuum and carbonic gas injec-
tion, aiming keeping the integrity of the almond until its arrival to the final consumer.

After these processes, the product is stored in an appropriated way to keep phys-
ical integrity and, thus, to guarantee total quality to the consumer. The chestnut al-
monds are classified, for example, in the following products for sell: entire chestnut
natural, granulated roast and flavoured chestnut.

3 Approaching the Critical Processes

Based on the decision maker’s knowledge, the processes of humidification, bak-
ing, centrifugation and cooling were selected because they represented the greatest
impact on the optimization of the entire almond number. Fig. 2 presents the rela-
tionship of these processes. The second column presents the critical stages of the
process.

Fig. 2 Stages of the industrialization process of cashew chestnut

For each stage, the production manager makes decisions according to the neces-
sary criteria that will lead to the best configuration to the whole process. This config-
uration is based on the preferential values of the decision maker, since it is defined
by choices of purely qualitative values (immersion time, rest time, LCC viscosity,
etc). Then, the values can be defined as criteria, transforming the decision making
problem into an unstructured multicriteria problem [2]. In such case, the alterna-
tives are identified based on the following questioning: how can we maximize the
entire almonds number at the end of the industrialization process of cashew chest-
nut, considering the type of the chestnut, its harvesting, its origin and its humidity?
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4 ZAPROS Method

The multicriteria method ZAPROS belongs to framework of Verbal Decision Anal-
ysis (VDA). It combines a group of methods that are essentially based on a verbal
description of decision making problems. This method is structured on the acknowl-
edgment that most of the decision making problems can be verbally described. The
Verbal Decision Analysis supports the decision making process by verbal represen-
tation of the problem [5].

ZAPROS was developed with the aim of ranking given multicriteria alternatives,
which makes it different from other verbal decision making, such as ORCLASS [7],
and PACOM mainly due to its applicability. It uses the same procedures of elicitation
of preferences, however with innovations related to the following aspects [6]:

- The procedure for construction of the ordinal scale for quality variation and
criteria scales is simpler and more transparent;

- There is a new justification for the procedure of alternatives comparison, based
on cognitive validations [4];

- The method offers both absolute and relative classification of alternatives.
The ZAPROS method can be applied to problems with the following character-

istics [6]:
- The decision rule must be developed before the definition of alternatives;
- There is a large number of alternatives;
- Criteria evaluations for alternatives definition can only be established by human

beings;
- The graduations of quality inherent to criteria are verbal definitions that repre-

sent the subjective values of the decision maker.

The decision maker is the key element of multicriteria problems and all necessary
attention should be given in order to have well formed rules and consistent and
correctly evaluated alternatives, considering the limits and capacity of natural lan-
guage. Thus, the order of preference will be obtained according to the principle of
good ordering established by Zorn’s Lemma [1].

The application of the method ZAPROS for problem modeling can be applied
following this three-step procedure:

1) Definition of the Criteria and Values of Criteria
Once the problem is defined, the criteria related to the decision making problem

are elicited. The quality graduations of criteria are established through interviews
and dialogues with specialists in the area and the decision makers. These should be
presented on an ordered form, from the most preferable value to the less one.

2) Elicitation of Preferences In this stage, the scale of preferences for quality
variations (Joint Scale of Quality Variations - JSQV) is constructed. The methodol-
ogy follows the order of steps shown on fig. 3. This structure is the same proposed
on [6], however, the substages 2 and 3 (numbered on the left side of the figure) were
put together in just one substage.

The questions made considering the first reference situation are the same that
the ones made considering the second reference situation. So, both situations will
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Fig. 3 Elicitation of preferences process

be presented and must be considered on the answer to the question, in order to not
cause dependence of criteria. The questions to quality variations (QV) belonging to
just one criteria will be made as follows: supposing a criterion A with three values
XA = A1,A2,A3, the decision maker will be asked about his preferences between the
QV a1 −a2, a1 −a3 and a2 −a3. Thus, there is a maximum of three questions to a
criterion with three values (nq = 3).

The question will be formulated in a different way on the preferences elicitation
for two criteria: it will be made dividing the QV in two items. For example, having
the set of criteria k = A, B, C, where nq = 3 and Xq = q1,q2,q3. Considering the
pair of criteria A, B and the QV a1 and b1, the decision maker should analyze which
imaginary alternative would be preferable: A1,B2,C1 or A2,B1,C1. However, this
answer must be the same to the alternatives A1,B2,C3 and A2,B1,C3. If the decision
maker answers that the first option is better, then b1 is preferable to a1, because it is
preferable to have the value B2 on the alternative instead of A2.

The transitivity also helps on checking the independence of criteria and groups
of criteria as well as on the identification of contradictions on the decision maker’s
preferences. The dependence of criteria and contradictions should be eliminated by
making new questions to the decision maker and remodeling the criteria.

3) Comparison of Alternatives With the aim of reducing the incomparability
cases, we apply the same structure proposed on [6], but modifying the comparison
of pairs of alternatives’ substage according to the one proposed on [8].

Each alternative has a function of quality - V(y) [6], depending on the evalua-
tions on criteria that it represents. On [8], it is proposed that the vectors of ranks of
criteria values, which represent the function of quality, are rearranged in ascending
order. Then, the values will be compared to the corresponding position of another
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alternative’s vector of values based on Pareto’s dominance rule. Meanwhile, this
procedure was modified to implementation because it was originally proposed to
scales of preferences of criteria values, not for quality variations’ scales.

So, supposing the comparison between alternatives Alt1 = A2,B2,C1 and Alt2 =
A3,B1,C2, considering a scale of preferences: a1 ≺ b1 ≺ c1 ≺ a2 ≺ b2 ≺ c2 ≺ a3 ≺
b3 ≺ c3, we have the following functions of quality: V(Alt1) = (0, 0, 2) and V(Alt2)
= (0, 3, 4), which represents the ranks of, respectively, b1 and c1, a2. Comparing the
ranks presented, we can say that Alt1 is preferable to Alt2.

In order to establish the rank of alternatives, we have that an alternative is classi-
fied with rank i if it is dominated by the alternative of rank (i-1), an dominates one
of rank (i+1) [8].

By these phases, a problem modeled based on the ZAPROS method results in an
ordering of alternatives. The ordering gives us a quantitative notion of the order of
preference, in an absolute way (in relation to all possible alternatives) as well as a
relative way (in relation to a restricted group of alternatives).

5 Modeling the Industrialization Process of the Cashew
Chestnut with ZAPROS

A tool developed for facilitating the application of the method ZAPROS [10] was
applied to the modeled problem, aiming its solution and, consequently, the increase
of the entire almonds number.

The criteria identified by means of interviews and dialogues with the decision
maker, which represents the production manager of the company, were defined at
the tool. The criteria are related to the processes of humidification, baking, centrifu-
gation and cooling, and the values identified for them are exposed on table 1. The
values for each criterion are ordered according to the DM’s preferences, such that
the most preferable value for a criterion is the first of the list (for example, A1).

In the next step, the Joint Scale of Quality Variation for the pair of dominant cri-
teria is defined. According to the preferences of the DM and decisions conferences
made, considering the criteria A (immersion time) and B (rest time), the variations
of quality will be compared into an ideal situation, which is C1D1E1F1G1, and
into the worst situation, C3D3E3F3G3 (criteria A and B are not included because
they are being compared). This represents the comparison based on the best and the
worst situations for the problem, and it must be considered on answering the ques-
tions in order to avoid inconsistences. Considering these situations and by means
of questions to the manager, the Joint Scale of Quality Variation was elaborated
for all the quality variations of criteria A and B (a1,a2,a3,b1,b2,b3) as follows:
a1 ≺ b1 ≺ a2 ≺ b2 ≺ a3 ≺ b3.

The preferences will be elicited for all combinations of two criteria. The ques-
tions were answered by the DM, and the Joint Scale of Quality Variation for all
criteria was defined as follows: c1 ≺ a1 ≺ b1 ≺ d1 ≺ e1 ≺ f1 ≺ g1 ≺ c2 ≺ a2 ≺ b2 ≺
d2 ≺ e2 ≺ f2 ≺ g2 ≺ c3 ≺ a3 ≺ b3 ≺ d3 ≺ e3 ≺ f3 ≺ g3.
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Table 1 Criteria involved on the cashew chestnut industrialization process

Criteria Values of Criteria

A1. 0 - 40 minutes
A - Immersion Time A2. 41 - 80 minutes

A3. 81 - 120 minutes
B1. 50 - 57 hours

B - Rest Time in the Water B2. 58 - 65 hours
B3. 66 - 72 hours
C1. 8,90 - 10,0

C - Humidity degree C2. 10,1 - 12,4
C3. 12,5 - 13,0

D1. 180 C - 198 C
D - Baking Temperature D2. 199 C - 216 C

D3. 217 C - 235 C
E1. 150 cps - 334 cps

E - LCC Viscosity E2. 335 cps - 520 cps
E3. 521 cps - 700 cps

F1. 800 kg/h - 966 kg/h
F - Entrance Outflow F2. 967 kg/h - 1.133 kg/h

F3. 1.134 kg/h - 1.300 kg/h
G1. 38 C - 45 C

G - Cooling Temperature G2. 46 C - 53 C
G3. 54 C - 60 C

Table 2 Alternatives classifications of cashew chestnut industrialization process

Alternatives Evaluations on Criteria Relative Rank Absolute Rank

Alternative 1 A1B1C1D3E1F2G1 1 1
Alternative 2 A2B1C1D1E2F3G3 3 5
Alternative 3 A2B2C2D2E1F3G2 2 2
Alternative 4 A3B1C3D1E2F1G3 2 6
Alternative 5 A1B2C2D3E3F2G1 2 4
Alternative 6 A1B3C2D1E2F1G3 2 3

After having the Joint Scale of Quality Variation established for all the criteria,
the alternatives were defined. The DM selected some alternatives among all the pos-
sible ones (all combinations of three values in seven criteria). Then, the comparison
of alternatives process will be started in order to obtain the results for the problem.
The rank generated at the first moment, corresponds to a relative classification of
the alternatives (because not all possible alternatives were considered on the com-
parison).

If it’s not possible to make a complete decision considering the obtained results
due to incomparable alternatives, one can ask the comparison of all possible al-
ternatives to the problem, which will obtain the absolute rank of each alternative
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Fig. 4 Presentation of results

and establish an “absolute” rank for the considered alternatives. The alternatives
and their criteria representations, the relative and the absolute ranks are exposed on
table 2. Fig. 4 shows the presentation of results screen.

The order shown in table 2 represents a relative classification. Then, although
alternative 1 (A1B1C1D3E1F2G1) is the best one of presented group of alternatives,
it is not best among all the possible alternatives (the best alternative would be the
ideal case “A1B1C1D1E1F1G1”). For the case study, the tool allows the insertion
and analysis of new alternatives, in case of the DM needs to extend the presented
solution. Therefore, the best decision is to adjust the values of the stages at the
industrialization process to:

1. Immersion Time:0 - 40 minutes;
2. Rest Time in the Water: 50 - 57 hours;
3. Humidity degree after Humidify Process: 8,90 - 10, 0;
4. Baking Temperature: 217C - 235C;
5. LCC Viscosity: 150 cps - 334 cps;
6. Entrance Outflow: 967 kg/h - 1.133 kg/h;
7. Cooling Temperature: 38C - 45C.

6 Conclusions

The tool structured on the ZAPROS method of Verbal Decision Analysis was effi-
cient on selecting the best alternative for the industrialization process of the cashew
chestnut. The obtained classification allows the inclusion of new alternatives, with-
out having to change the Joint Scale of Quality Variations. This represents great a
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applicability for the exposed problem, although the amount combinations of values
of the criteria is significant.

The optimization of the process in other stages (classification, decortication, sep-
aration and packing) of the industrialization process of the cashew chestnut are also
necessary. Researches aiming the simplification of the qualitative values compari-
son are being carried out considering an hybridization of the ZAPROS method and
neural networks. As future works, we also intend to structure new experiments on
health areas will be done, aiming advances on early diagnosis of diseases.
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Selection of Aggregation Operators with Decision 
Attitudes 

Kevin Kam Fung Yuen∗ 

Abstract. The selection of the aggregation operators can be determined by the  
decision attitudes. This paper proposes an Aggregation Operators and Decision 
Attitudes (AODA) model to analyze the mapping relationship between aggrega-
tion operators and decision attitudes. A numerical example illustrates how deci-
sion attitudes of the aggregation operators can be determined by this model. This 
model can be applied in decision making systems with the selection problems of 
the appropriate aggregation operators with considerations of decision attitudes. 

1   Introduction 

Aggregation Operators (AO) are applied in many domains on the problems about the 
fusion of a collection of information granules. These domains include mathematics, 
physics, engineering, economics, management, and social sciences. Although the dis-
cussions of AO are very board, little research investigates the relationship with the 
decision attitudes. Yager [10] proposed valuation functions which used decision 
maker’s attitudes and preferences as inputs to derive the final result with changing the 
parametric values. For this paper, as different aggregation operators produce different 
values, these results can be described by the possibility likelihoods for the decision at-
titudes. The selection of the aggregation operators is related to the likelihoods of the 
decision attitudes of the operators. To achieve the proposal, this paper proposes an 
Aggregation Operators and Decision Attitudes (AODA) model to analyze the map-
ping relationship between aggregation operators and decision attitudes on the basis of 
fuzzy set theory. The appropriate operators will be chosen according to the likelihood 
of the decision attitudes in AODA model.  

2   Aggregation Operators 

Definition 1: A generic aggregation operator A is a function which aggregates a 

set of granules ( )1, , , ,i nX x x x= K K  into an Aggregated Value y. It has the form: 

                                                           
Kevin Kam Fung Yuen 
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( )( ) ( )( ) ( )
1( ) ( ); , , , , ;t t

i nn ny A x x x A Xα α= =K K  

t is the length of tuple(s) of ix  and n is the number of the granules. α  is a  

construct parameter or a bag of construct parameters to scale A.  
Sometimes, α  is not shown if the information of α  is not important for dis-

cussion in some scenarios. Likewise, AO can be simplified as the notations such 

as A , ( );A Xα , ( )( ) ;tA Xα  or ( )( )
( ) ;t
nA Xα . This research is only interested in 

{ }1,2t ∈ . To extend definition 1, then  

Definition 2: A is non-weighted AO such that i ix c=  where ic  is single, or  

1-tuple, and ic C∈ . Thus, ( ) ( )( ) ( )(1) (1) (1)
1; ; , , , , ;i nA X A c c c A Cα α α= =K K  . 

Alternatively, A is weighted AO such that { },i i ix c w=  where 

( )1, ,i nw W w w∈ = K  is the probability weight such that  
{ }1, ,

1i
i n

w
∈

=∑
K

. Thus ix  

is a pair (or 2-tuple). Then, 

( ) { } { } { }( )( )(2) (2)
1 1; ; , , , , , , ,i i n nA X A c w c w c wα α= K K . 

Usually y and ic  have the fix interval [ ] [ ]' , ,I a b= ⊆ −∞ ∞ . [ ]0,1I =  is used in 

many studies. This is only a scaling matter between 'I  and I .  

Definition 3: Let [ ]0,1I = . A non-weighted aggregation operator is the func-

tion : nA I I→ . And a weighted aggregation operator is the function 

: T nA W I I× → . In both situations, ,ic y I∈ . 

3   Categories of Aggregation Operators 

A Non-weighted AO is the special case of a weighted AO such that all weights are 
equal. This research focuses to discuss the weighted AO. Aggregation operators 
have been contributed by many researchers. Followings introduce the operators 
which are frequently used. 

3.1   Quasi-Linear Means 

The quasi-linear means [1, 6, 7] are of the general form: 

( ) ( )1

1

1
,

n

i i
i

qlm W C h h c
n

ω−

=

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
∑ , pc I∈ . The function :h I → ℜ  is called the 
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generator of ( ),qlm w c . If ( )h x xα= , qlm is the weighted root power (wrp) or 

weighted generalized mean, and other three types are extended (table 1). 

Table 1 Some forms of Quasi-linear means 

1. Weighted root power 

( )
1/

1

; ,
n

i i
i

wrp W C w c

α
αα

=

⎛ ⎞
= ⎜ ⎟⎜ ⎟
⎝ ⎠
∑  

2. Weighted harmonic mean ( 1α → − ): 

( )
1

1
,

n i
i

i

whm W C
w

c=

=
∑

 

3. Weighted  geometric mean  ( 0α → ): 

( )
1

, i
n

w
i

i

wgm W C c
=

= ∏  

4. Weighted  arithmetic mean ( )1α → : 

( ) 1
,

n
i ii

wam W C w c==∑  

3.2   Ordered Weighted Averaging 

OWA [7, 8,11] is the weighted arithmetic mean which its weight values is related 

to the order position of C . ( ) 1
,

n
i ji

owa W C w b==∑ , where jb  is the jth largest of 

the C , [ ]0,1iw ∈  and 
{ }1, ,

1i
i n

w
∈

=∑
K

. iw  can be generated from the form: 

1
i

i i
w owaW Q Q

n n

−⎛ ⎞ ⎛ ⎞= = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

, where Q can be defined by ( );Q r rαα = , 0α ≥ . 

3.3   Weighted Median 

In weighted median aggregation [7, 9], each element ic  is replaced by two ele-

ments: ( )1i i i ic w w c+ = − + ⋅  and i i ic w c− = ⋅ . Then the median value is computed 

by ( ) ( )1 1, , , , , , , ,i i n nwmed W C Median c c c c c c+ − + − + −= K K . Alternatively, ic+  and 

ic−  can be computed by T-conorm and T-norm denoted as S and T respectively, 

and have the forms ( )1 ,i i ic S w c+ = −  and ( ),i i ic T w c− = , which S and T are de-

fined in following subsection. 

3.4   T-Conorm and T-Norm 

T-norms are with the properties which ( ),1T x x=  and ( ) ( ), min ,T x y x y≤  while 

T-conorms have the properties which ( ),0S x x=  and ( ) ( ), max ,S x y x y≤  [3]. 

Different kinds to T-norms and T-connorms [3, 7] are shown in table 2.  
 



258 K. Kam Fung Yuen
 

Table 2 various forms of T-norms and T-connorms 

Min-Max ( ) { }, min ,Tm a b a b=  ( ) { }, max ,Sm a b a b=  

Lukasiewicz ( ) { }, max 1,0Tl a b a b= + −  ( ) { }, min ,1Sl a b a b= +  

Product/ 
Probabilistic

( ),Tp a b ab=  ( ),Sp a b a b ab= + −  

Dubois and 
Prade 

( ) { }; ,
max , ,

a b
Tdp a b

a b
α

α
⋅= , 

( )0,1α ∈  

( )
( )( )
( ) ( ){ }

; ,

1 1
1

max 1 , 1 ,

Sdp a b

a b

a b

α

α

=

− −
−

− −
 

, ( )0,1α ∈  

Yager 
( )

( ) ( ){ }1/

; ,

max 0,1 1 1

Ty a b

a b
αα α

α =

⎡ ⎤− − + −⎣ ⎦
 ( ); ,Sy a bα = ( ){ }1/

min 1, a b
αα α+ , 0α >

Frank 

( )
( )( )

; ,

1 1
log 1

1

a b

Tf a b

α

α

α α
α

=

⎡ ⎤− −
⎢ ⎥+

−⎢ ⎥⎣ ⎦

 

, 0, 1α α> ≠  

( )
( )( )1 1

; ,

1 1
1 log 1

1

a b

Sf a b

α

α

α α
α

− −

=

⎡ ⎤− −
⎢ ⎥− +

−⎢ ⎥⎣ ⎦

 

Weber-
Sugeno 

( ) 1
; , max ,0

1
T

T

T

a b a b
Tws a b

αα
α

⎧ ⎫+ − + ⋅ ⋅
= ⎨ ⎬+⎩ ⎭

, 1Tα > −  

( ) { }; , min ,1T SSws a b a b a bα α= + + ⋅ ⋅  

,
( )1

T
S

T

αα
α

=
+

 

Schweizer & 
Sklar 

 

( )

( ) ( ) ( ) ( )
1

; ,

1 1 1 1 1

Tss a b

a b a b
α α α α α

α =

⎡ ⎤− − + − − − −⎣ ⎦
( )

1

; ,Sss a b a b a bα α α α αα ⎡ ⎤= + −⎣ ⎦ , 0α >  

3.5   Weighted Gamma Operator 

Zimmermann and Zysno [13] proposed a gamma operator on the unit interval 
based on T-norms and T-conorms. Calvo and Mesiar [2] modified the equation 
with weight assignment, which is of the form: 

( ) ( ) ( )( )1

1 1
; , 1 1 iin n ww

iii i
wgo C W c c

α α
α

−

= == − −∏ ∏ . 

3.6   OWMAX and OWMIN 

Ordered weighted maximum (owmax) and ordered weighted minimum  
operators (owmin) were proposed by [4]. Unlike OWA dealing with weighted 
arithmetic mean, owmax and owmin apply weighted maximum and minimum  
[6].  
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For any weight vector ( ) [ ]1, , 0,1 n
nW w w= ∈K , 11 nw w= ≥ ≥K , then 

( ) ( )( )
1

owmax ,

n

i i
i

W C w c
=

= ∧∨ , [ ]0,1 n
C ∈ . For [ ]0,1 n

W ∈  1 0nw w≥ ≥ =K , 

then ( ) ( )( )
1

owmin ,

n

i i
i

W C w c
=

= ∨∧ , [ ]0,1 n
C ∈ . 

3.7   Leximin Ordering 

Leximin ordering was proposed by Dubois et al. [5]. Yager [10] improved a Lex-
min ordering, based on OWA weights. Let Δ  denote a distention threshold be-
tween the values being aggregated, Leximin is of the form: 

( ) 1
leximin ,

n
i ii

W C w b==∑ , where ib  is a sorted nC I∈  in descending order 

such that 1 nb b> >K . In addition,  

( ) ( )

( )

( )

( )

1

  , 1      
1

,

, 2, ,
1

n j

n j

j n j

n j

j

w LexW n

j n

−

−

−

+ −

⎧ Δ =⎪
⎪ + Δ⎪= Δ = ⎨

Δ⎪ =⎪
+ Δ⎪⎩

K

, jw W∈  

4   AODA Model 

Under uncertainty, different people would have different decision attitudes. The 
decision attitudes (DAs) can be described by a collection of linguistic terms repre-

sented by a collection of DA fuzzy sets, i.e. { }1, , , ,j pD d d d= L L . Then, 

Definition 4: A aggregated value y  from an Aggregation Operator A belongs to a 

decision attitude fuzzy set jd  with the membership value ( )jd y  by the member-

ship function :jd y I→ .  

The above definition implies the membership of a decision attitude fuzzy set is 
[0,1] from an aggregated value which also belongs to [0,1]. The membership is the 
likelihood of decision attitude in AODA model. As fuzzy set is characterized by 
this membership function, the same notation jd  is applied. Usually, the member-

ship function applies triangular function ( ), ,j a b cμ  which is defined by three 

points. 
Different input parameter sets, X ’s, result in different Effective Aggregation 

Ranges  (EAR) from a collection of the aggregation operators. The effective ag-

gregation range 
*

, *y y⎡ ⎤
⎣ ⎦  is defined as follows: 
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Definition 5: Let the set of the aggregated values from the set A% of the aggrega-
tion operators 'A s  be ( )1, , , ,k mY y y y= K K . The permutation of Y is 

{ }(1) ( ) ( ), , , ,k mY y y y=
r

K L , where (1) (2) ( )my y y≤ ≤L . Thus, the Effective Ag-

gregation Range is 
*

, *y y⎡ ⎤
⎣ ⎦ , where ( )(1)*

miny y Y= = , ( )( )* maxmy y Y= = .  

( )* maxy Y=( )
*

miny Y=

{ }(1) ( ), , mY y y=
r

K

 

Fig. 1 Effective Aggregation Range 

The EAR is the proper subset of I, i.e. [ ]
*

, * 0,1y y⎡ ⎤ ⊆⎣ ⎦  (see Fig. 1). The collec-

tion of AO is of the form 
*

: , *
m

A X y y⎡ ⎤→ ⎣ ⎦
% . Then a collection of decision atti-

tudes fuzzy sets for an aggregation operator A is 

( ){ } ( ){ } ( ){ }{ }1, , , , , , ,A j pD y d y y d y y d y= K K , where 
*

, *y y y⎡ ⎤∈ ⎣ ⎦ . Then a 

collection of DA fuzzy sets AD %  for a collection of aggregation operators 

( )1, , , ,k mA A A A=% K K is of the form: 

{ }{ { } { }}

{ }{ { } { }}

{ }{ { } { }}

(1) 1 (1) (1)

( ) 1 ( ) ( )

( ) 1 ( ) ( )

, , , , , , ,

, , , , , , ,

, , , , , , ,

j p

k k j k pA

m m j m p

y d y d y d

D y d y d y d

y d y d y d

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟=
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

%

K K

M O M O M

K K

M O M O M

K K

, 

where { } ( ){ }( ) ( ) ( ), , , ,k j k j ky d y d y k j= ∀ ∀ , and (1) (2) ( )my y y≤ ≤L (Def. 5). To 

conclude, AODA algorithm is formed. 

AODA Algorithm: 

1. Define a collection of the membership functions of DA fuzzy sets 

{ }1, , , ,j pD d d d= L L ; 

2. Define a collection of AO: ( )1, , , ,k mA A A A=% K K ; 

3. Get a collection of information granules: ( )1, , , ,i nX x x x= K K ; 
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4. Compute ( )A X% , and then ( )1, , , ,k mY y y y= K K  is achieved; 

5. Get the permutation of Y: { }(1) ( ) ( ), , , ,k mY y y y=
r

K L ; 

6. Get 
*

, *y y⎡ ⎤
⎣ ⎦ ; 

7. Assign intervals and memberships to D; 

8. Calculate ( )D Y
r

; 

9. Return AD % .                           //END 

As this paper focus on discussion of the weighted aggregation operators, this fol-

lows { },i i ix w c X= ∈  in step 3. To conclude, AODA is the function g : X I→  

and ( )( )g = D=DA A X% %o . This means that g maps the collection of information 

granules X  with the set of the aggregators A% , to the membership interval [0,1] 
corresponding to the collection of decision attitude fuzzy sets D . Usually the de-
cision attitudes can be described by three linguistic terms: pessimistic, neutral and 
optimistic. Fig.2 shows some properties of the DA fuzzy sets.  

μ

Y

μ

μ μ

Y

Y Y

*
y

*
y*

y

*
y*y *y

*y *y  

Fig. 2 Properties of EAR 

The properties of EAR can be concluded as followings.  

Proposition 1: Let ( ) ( )* *

1
' , * *

2
y mean y y y y= = + , and then  

1. Effective aggregation range (EAR) is of downward aggregation if ' 0.5y < ;. 

2. EAR is of upward aggregation if ' 0.5y > ; 

3. EAR is of central aggregation if ' 0.5y = ; 

4. EAR 2 is more upward than EAR 1 if 1 2' 'y y< .  

5. EAR 2 is wider than EAR 1 if 
1 21 2* *

* *y y y y− < − . 
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Table 3 The results for AD %   

(k) A ( )ky  ( )( )kD y  

1 fwmed  0.1193 {1,0,0} 

2 owmax  0.3807 {0.0917,0.9083,0} 

3 owmin  0.4 {0.0247,0.9753,0} 

4 wmed  0.4619 {0,0.8095,0.1905} 

5 sswmed  0.4868 {0,0.7231,0.2769} 

6 mmwmed  0.5 {0,0.6773,0.3227} 

7 dpwmed  0.5 {0,0.6773,0.3227} 

8 ywmed  0.5 {0,0.6773,0.3227} 

9 wgo  0.5019 {0,0.6707,0.3293} 

10 lwmed  0.5127 {0,0.6333,0.3667} 

11 whm  0.5137 {0,0.6298,0.3703} 

12 wswmed  0.5199 {0,0.6080,0.3920} 

13 wgm  0.5332 {0,0.5618,0.4382} 

14 wrp  0.5375 {0,0.5470,0.4530} 

15 wam  0.5557 {0,0.4838,0.5162} 

16 owa  0.6949 {0,0,1} 

17 Leximin  0.6949 {0,0,1} 

5   A Numerical Example 

From an AODA algorithm, a numerical example analysis is proposed as follows. 

Step 1: Define the collection of decision attitude fuzzy sets: 

Let { }1 2 3, ,D d d d=  represent the set of pessimistic, neural, and optimistic de-

cision attitudes. ( )1 * *
, , 'd y y yμ= , ( )2 *

, ', *d y y yμ= , ( )2 ', ', *d y y yμ= , 

where μ  is the triangular membership function. 

Step 2: Define a collection of the Aggregation Operators:  

( )1 17, , , ,kA A A A=% K K
, , , , ,owmax,owmin,

Lexmin, , , , ,

, , , ,
l mm

dp y f ws ss

wrp whm wgm wam owa

wgo wmed wmed wmed

wmed wmed wmed wmed wmed

⎧ ⎫
⎪ ⎪

= ⎨ ⎬
⎪ ⎪
⎩ ⎭

, 
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lwmed  is wmed with Lukasiewicz T-norm and T-connorm. This naming conven-

tion is also applied to other wmed ’s with different T-norms and T-connorms. In 
addition, if α  affects the aggregation result, then a different value of α  can be 
regarding as a different operator. Usually the best practice of α  is suggested. In 
this example, 0.2α =  is applied to all parametric operators. 

Step 3: Get the collection of information granules:  

Let ( )1 5, ,X x x= K  be weighted criteria such that ( )0.4,0.5,0.6,0.7,0.9C = , 

and ( ) ( )0.6,5 0.3801,0.1964,0.1589,0.1387,0.1253W owaW= = . Thus, 

( ) ( )( )0.4,0.1978 , , 0.9,0.6250X = K . 

Step 4: Compute Y by ( )A X% : 

( ) 0.5375,0.5137,0.5332,0.5557,0.6949,0.3807,0.4,0.6939,

0.5019,0.4619,0.5127,0.5,0.5,0.5,0.1193,0.5199,0.4868
Y A X

⎧ ⎫
= = ⎨ ⎬

⎩ ⎭
%  

Steps 5 and 6: Get the Y
r

, and 
*

, *y y⎡ ⎤
⎣ ⎦ : 

Get ( ) { }Ordering 14,11,13,15,16,2,3,16,9,4,10,6,6,6,1,12,5Y = , then 

0.1193,0.3807,0.4,0.4619,0.4868,0.5,0.5,0.5,0.5019,0.5127,

0.5137,0.5199,0.5332,0.5375,0.5557,0.6939,0.6949
Y

⎧ ⎫
= ⎨ ⎬
⎩ ⎭

r
. And 

[ ](1) ( )*
, * , 0.1193,0.6949my y y y⎡ ⎤ ⎡ ⎤= =⎣ ⎦⎣ ⎦ . 

Step 7: Assign intervals and memberships to D . 

0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0

 

Fig. 3 AODA Pattern 

Let ( ) [ ]
*

, ', * 0.1193,0.4071,0.6949y y y =  be substituted to ( ), ,a b cμ  in D , and 

then AODA pattern is shown in Fig.3. It can be observed that the proposed  
numerical integration is downward integration since ' 0.4071 0.5y = < . 

Steps 8 and 9: Calculate ( )D Y
r

 and return AD % . And the result is shown in Table 3. 
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6   Conclusions 

This paper is devoted to a proposal how to map a collection of aggregation opera-
tors into a collection of the decision attitudes by the Aggregation Operators and 
Decision Attitudes (AODA) model which is useful when selecting suitable aggre-
gation operators for the decision making applications with consideration of the  
decision attitudes of the decision makers. This research chooses the weighted ag-
gregation operators with revision of 17 operators which are applied in AODA 
model. A numerical example is illustrated to validate the model. Future research 
will extend the AODA model and apply this model in some decision systems  
[e.g. 12].  
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A New Approach Based on Artificial Neural Networks 
for High Order Bivariate Fuzzy Time Series  

Erol Egrioglu, V. Rezan Uslu, Ufuk Yolcu, M.A. Basaran,   
and Aladag C. Hakan 

Abstract. When observations of time series are defined linguistically or do not 
follow the assumptions required for time series theory, the classical methods of 
time series analysis do not cope with fuzzy numbers and assumption violations. 
Therefore, forecasts are not reliable. [8], [9] gave a definition of fuzzy time series 
which have fuzzy observations and proposed a forecast method for it. In recent 
years, many researches about univariate fuzzy time series have been conducted. In 
[6], [5], [7], [4] and [10] bivariate fuzzy time series approaches have been pro-
posed. In this study, a new method for high order bivariate fuzzy time series in 
which fuzzy relationships are determined by artificial neural networks (ANN) is 
proposed and the real data application of the proposed method is presented. 

1   Introduction 

As a matter of fact the observations of the most of the real life time series can be 
considered as uncertain observations. Consider the daily temperatures that vary 
during the day since the temperatures are measured at a certain moment of the 
day. So they imply the average of all temperatures measured during the day. This 
means that the observations of the temperature are not very exact and include un-
certainty. This kind of uncertainty in measurements can be translated into fuzzy 
sets. Then it becomes an important issue to construct a model for a time series 
whose observations are fuzzy sets. Fuzzy set theory presented in [11] has a 
mathematical tool which helps for modeling this kind of uncertainty in many sta-
tistical methods. [8], [9] are the first studies that exploited fuzzy set theory. Song 
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and Chissom have made the definition of a fuzzy time series by using it and pro-
posed a method that produces forecasts for fuzzy time series.  [2] has improved 
the method of Song and Chissom and introduced an algorithm which uses a fuzzy 
logic group relation table for determining fuzzy relationships. [8], [9] and [2] are 
the studies based on a first order univariate model. The methods proposed in [3] 
and [1] are based on a high order univariate model.  Since real life time series data 
are generally affected from many factors, a bivariate fuzzy time series model, in-
stead of a univariate model, can give more accurate forecasting results. Because of 
the complexity of the real life data, bivariate (two factors) fuzzy time series ap-
proaches given in [6], [5], [7], [4] and [10] have been improved in order to obtain 
more comprehensive model. In this study, a new method used a high order bivari-
ate (two-factors) fuzzy time series model, which fuzzy relationships are deter-
mined by ANN, is proposed and an application is presented. 

The second section of the paper has presented the definitions of fuzzy time se-
ries. In Section 3 our proposed method is introduced. In Section 4 the proposed 
method is applied to the data of Taiwan Stock Exchange Capitalization Index 
Weighted Stock Index (TAIEX) and Taiwan Futures Exchange (TAIFEX). This 
section also contains the results of the proposed method and those of other meth-
ods available in the literature for the purpose of comparison. The final section is a 
detailed discussion of our results.  

2   Fuzzy Time Series 

The definition of fuzzy time series was firstly introduced by [8] and [9]. In con-
trast to conventional time series methods, various theoretical assumptions do not 
need to be checked in fuzzy time series approaches. The most important advantage 
of fuzzy time series approach is to be able to work with a very small set of data 
and not to require the linearity assumption. General definitions of fuzzy time se-
ries are given as follows: 

Let U be the universe of discourse, where { }buuuU ,...,, 21= . A fuzzy set iA  of 

U is defined as bbAAAi uufuufuufA
iii

/)(/)(/)( 2211 +++= L , where 
iAf  is the 

membership function of the fuzzy set [ ]1,0:; →UfA
iAi . au  is a generic element 

of fuzzy set )(; aAi ufA
i

 is the degree of belongingness of au  to 

[ ]1,0)(; ∈aAi ufA
i

 and ba ≤≤1 .  

Definition 1. Fuzzy time series. Let ),2,1,0,)(( KK=ttY , a subset of real num-

bers, be the universe of discourse on which fuzzy sets )(tf j  are defined. If )(tF  

is a collection of ),...(),( 21 tftf  then )(tF is called a fuzzy time series defined  

on )(tY . 

Definition 2. Fuzzy time series relationships assume that )(tF  is caused only by 

)1( −tF , then the relationship can be expressed as: )1,(*)1()( −−= ttRtFtF , 
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which is the fuzzy relationship between )(tF  and )1( −tF , where *  represents  as 

an operator. To sum up, let iAtF =− )1(  and jAtF =)( . The fuzzy logical rela-

tionship between  )(tF  and )1( −tF  can be denoted as ji AA →  where iA  refers 

to the left-hand side and jA  refers to the right-hand side of the fuzzy logical rela-

tionship. Furthermore, these fuzzy logical relationships can be grouped to estab-
lish different fuzzy relationships.  

The high order fuzzy time series model proposed by [3] is given as follows: 

Definition 3. Let )(tF  be a fuzzy time series. If )(tF  is caused by 

)2(),1( −− tFtF ,…, and )( ntF − , then this fuzzy logical relationship is repre-

sented by 

)()1(),2(),...,( tFtFtFntF →−−−                                   (1) 

and it is called the nth order fuzzy time series forecasting model. 
Bivariate fuzzy time series model defined by [10] is given as follows: 

Definition 4. Let F and G be two fuzzy time series. Suppose that iAtF =− )1( , 

kBtG =− )1(  and jAtF =)( . A bivariate fuzzy logical relationship is defined as iA , 

jk AB → , where ki BA ,  are referred to as the left hand side and 
jA  as the right 

hand side of the bivariate fuzzy logical relationship. 

Therefore, first order bivariate fuzzy time series forecasting model is as follows: 

     )()1(),1( tFtGtF →−−                                           (2) 

Definition 5. Let F and G be two fuzzy time series. If )(tF is caused 

by ))(),((,,))2(),2(()),1(),1(( ntGntFtGtFtGtF −−−−−− K  then this fuzzy 

logical relationship is represented by  

)())(),((,,))2(),2(()),1(),1(( tFntGntFtGtFtGtF →−−−−−− K              (3) 

And it is called the two- factors nth order fuzzy time series forecasting model, 
where )(tF  and )(tG  are called the main factor fuzzy time series and the second 

factor fuzzy time series, respectively ,....)2,1,0....( =t . 

3   The Proposed Method 

For the aim of forecasting of a time series, the use of a multivariate fuzzy time se-
ries model, instead of the model with a univariate, can provide better forecasts 
since a real life time series data has a complex structure and is affected by many 
other factors. [10] present an algorithm which analyzes a first order bivariate 
fuzzy time series forecasting model. [6], [5], [7] and [4] have used some high or-
der bivariate fuzzy time series forecasting models. However, the algorithms of the 
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analysis mentioned in these studies are complicated and required too many calcu-
lations. Therefore, they waste time. Regarding of the negative sides of these meth-
ods in the literature, we propose a new approach in this paper. In the proposed 
method, fuzzy relationships are determined by using feed forward ANN. The steps 
of the algorithm of the method we propose are given below.   

Algorithm  

Step 1. The universe of discourses and subintervals are defined for two time se-
ries. The min and max values of the time series are denoted by minD  and maxD , 

respectively. Then two positive numbers 1D  and 2D  can be chosen in order to de-

fine the universe of discourse [ ]2max1min , DDDDU +−= . 

Step 2. Define fuzzy sets based on the universe of discourses. Based on defined U 
and V universe of discourses and subintervals, fuzzy sets 

1
,...,, 21 kAAA  and 

2
,...,, 21 kBBB  are defined and given below for time series and residuals,  

respectively. 
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where aij is the degree of membership values of iu and [ ]1,0∈ija  for 11 ki ≤≤  and 

11 rj ≤≤ . r1 and k1 are the numbers of subintervals and fuzzy sets, respectively. In 

similar way, where bij is the degree of membership values of jv and [ ]1,0∈ijb  for 

21 ki ≤≤  and 21 rj ≤≤ . r2 and k2 are the numbers of subintervals and fuzzy sets, 

respectively. 

Step 3. Fuzzify the observations. Each crisp value is mapped into a fuzzy set 
where its membership degree has maximum value. Fuzzy main factor time series 
is demonstrated by F(t), fuzzy second factor time series is demonstrated by G(t).  

Step 4. Establish fuzzy relationship. In order to establish fuzzy relationships, ANN 
can be employed. The data which is used for training consist of the main factor 
fuzzy time series lagged variables )(),...,2(),1( ntFtFtF −−−  and the second 

factor fuzzy time series lagged variables )(),...,2(),1( ntGtGtG −−− which are 

taken as the inputs of network. The main factor fuzzy time series )(tF  is used for 

the output of network. Feed forward neural network is trained in terms of these in-
puts and output. The number of neurons in the input layer is taken as 2n while the 
number of neurons in the hidden layer (NNHL) can be decided by trial and error 
method. It is obvious that the number of neurons in the output layer should be 1. 
The illustration of feed forward neural network used in establishing fuzzy  
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Fig. 1 Feed forward neural network archi-
tecture for fuzzy logic relation 
 

 

relationship is shown Fig. 1. Detailed information about feed forward neural net-
work can be found in [12] and [13]. 

Step 5. Forecast. Prepare data for forecasting:  

)(),1(),...,1( nktFnktFktF −++−+−+  , )(),1(),...,1( nktGnktGktG −++−+−+  

are taken as the inputs for the trained feed forward neural network and the output 
from the model is the fuzzy forecast for the )( ktF + . 

Step 6. Defuzzify each fuzzy forecast )( ktF + . Apply “Centroid” method to get 

the results. This procedure (also called center of area, center of gravity) is the most 
often adopted method of defuzzyfication. Suppose that the fuzzy forecast of 

)( ktF +  is kA . The defuzzyfied forecast is equal to the midpoint of the interval 

which corresponds to kA .  

4    Application 

The method we propose has been applied to the time series data of Taiwan Stock 
Exchange Capitalization Weighted Stock Index (TAIEX) and Taiwan Futures Ex-
change (TAIFEX).  In this application TAIFEX is the main factor time series 
while TAIEX is defined as the second factor time series. The application is given 
below step by step. First of all, the universe of discourses and subintervals for two 
time series are defined as  

6251min =D , 7599max =D , 511 =D , 12 =D , [ ]7600,6200=U  for TAIFEX and 
6200min =D , 7560max =D , 01 =D  and 402 =D , [ ]7600,6200=V  for TAIEX. 

The interval length for both time series is defined as 100 as in [7]. For this choice, 
the intervals are given below. 

]6300,6200[1 =u , ]6400,6300[2 =u , ]6500,6400[3 =u ]6600,6500[4 =u ,

]6700,6600[5 =u , ]6800,6700[6 =u , ]6900,6800[7 =u , ]7000,6900[8 =u ,
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]7100,7000[9 =u , ]7200,7100[10 =u , ]7300,7200[11 =u , ]7400,7300[12 =u , 

]7500,7400[13 =u , ]7600,7500[14 =u  

]6300,6200[1 =v , ]6400,6300[2 =v , ]6500,6400[3 =v , ]6600,6500[4 =v ,

]6700,6600[5 =v , ]6800,6700[6 =v , ]6900,6800[7 =v , ]7000,6900[8 =v ,

]7100,7000[9 =v , ]7200,7100[10 =v , ]7300,7200[11 =v , ]7400,7300[12 =v ,

]7500,7400[13 =v , ]7600,7500[14 =v  

Based on defined U and V universe of discourses and subintervals, fuzzy sets 

1421 ,...,, AAA  and 1421 ,...,, BBB  are defined and given below for two time series. 
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The observations are fuzzyfied. The fuzzyfied observations for the time series 
TAIFEX and TAIEX are demonstrated in Table 2. Feed forward ANN is used to 
determine fuzzy relationships. The inputs of the ANN are being changed accord-
ing to the order of the model since it is changed 1 to 5 in the application. For ex-
ample, the inputs of ANN for the second order model are 

)2(),1(),2(),1( −−−− tGtGtFtF  while the target value of ANN is )(tF . The out-

puts of ANN will be the predicted values of the fuzzy time series denoted by )(ˆ tF . 

The number of neuron in the hidden layers of our ANN has been determined by 
changing the number of neurons from 1 to 4. The algorithm is applied for each of 
totally 20 cases that we determine. Then the calculated mean squared errors 
(MSE) for each case are listed in Table 1. As can be seen in Table 1, the best MSE  
value, 861.21, has been found for the case in which the model order is 5 and the 
number of neurons in the hidden layer is 4.  The predicted values for this case are 
 

Table 1 MSE values obtained from the proposed method 

 Order of model 
Number of 

hidden  
layer  

neurons  

1 2 3 4 5 

1 11663.67 96276.64 9640.45 10224.09 9143.11 

2 9027.80 6884.42 481350.5 4431.99 3535.73 

3 8701.71 470742 4175.22 6718.50 1907.64 

4 8432.15 470742 1704.08 1291.76 861.21 
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Table 2 Comparison of the forecasting values of TAIFEX and the mean square errors for 
different forecasting methods 
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8.3.1998 7599 7552 14 - - - - -  
8.4.1998 7593 7560 14 7450 7450 7450 - -  
8.5.1998 7500 7487 13 7450 7450 7450 - -  
8.6.1998 7472 7462 13 7500 7450 7500 7450 -  
8.7.1998 7530 7515 14 7500 7500 7500 7550 -  

8.10.1998 7372 7365 12 7450 7450 7450 7350 7350 
8.11.1998 7384 7360 12 7300 7350 7300 7350 7350 
8.12.1998 7352 7330 12 7300 7300 7300 7350 7350 
8.13.1998 7363 7291 11 7300 7350 7300 7250 7250 
8.14.1998 7348 7320 12 7183 7100 7188 7350 7350 
8.15.1998 7372 7300 12 7300 7350 7300 7350 7350 
8.17.1998 7274 7219 11 7300 7300 7300 7250 7250 
8.18.1998 7182 7220 11 7183 7100 7100 7250 7250 
8.19.1998 7293 7285 11 7183 7300 7300 7250 7250 
8.20.1998 7271 7274 11 7183 7100 7188 7250 7250 
8.21.1998 7213 7225 11 7183 7100 7100 7250 7250 
8.24.1998 6958 6955 8 7183 7100 7100 6950 6950 
8.25.1998 6908 6949 8 6850 6850 6850 6950 6950 
8.26.1998 6814 6790 6 6850 6850 6850 6750 6750 
8.27.1998 6813 6835 7 6775 6650 6775 6850 6850 
8.28.1998 6724 6695 5 6850 6750 6750 6650 6650 
8.29.1998 6736 6728 6 6750 6750 6750 6750 6750 
8.31.1998 6550 6566 4 6775 6650 6650 6550 6550 

9.1.1998 6335 6409 3 6450 6450 6450 6450 6450 
9.2.1998 6472 6430 3 6450 6550 6550 6450 6450 
9.3.1998 6251 6200 1 6450 6350 6350 6250 6250 
9.4.1998 6463 6403 3 6450 6450 6450 6450 6450 
9.5.1998 6756 6697 5 6450 6550 6550 6650 6650 
9.7.1998 6801 6722 6 6750 6750 6750 6750 6750 
9.8.1998 6942 6859 7 6775 6850 6850 6850 6850 
9.9.1998 6895 6769 6 6850 6750 6750 6750 6750 

9.10.1998 6804 6709 6 6775 6650 6650 6750 6750 
9.11.1998 6842 6726 6 6775 6850 6775 6750 6750 
9.14.1998 6860 6774 6 6775 6850 6775 6817 6750 
9.15.1998 6858 6762 6 6775 6650 6775 6817 6750 
9.16.1998 6973 6952 8 6775 6850 6850 6817 6950 
9.17.1998 7001 6906 8 6850 6950 6850 6950 6950 
9.18.1998 6962 6842 7 6850 6850 6850 6850 6850 
9.19.1998 7150 7039 9 6850 6950 6850 7050 7050 
9.21.1998 7029 6861 7 6850 6850 6850 6850 6850 
9.22.1998 7034 6926 8 6850 6950 6850 6950 6950 
9.23.1998 6962 6852 7 6850 6850 6850 6850 6850 
9.24.1998 6980 6890 7 6850 6950 6850 6850 6850 
9.25.1998 6980 6871 7 6850 6850 6850 6850 6850 
9.28.1998 6911 6840 7 6850 6750 6750 6850 6850 
9.29.1998 6885 6806 7 6850 6750 6850 6850 6850 
9.30.1998 6834 6787 6 6850 6750 6750 6750 6750 

MSE 9668 7856 5437 1364 861 
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Fig. 2 The graph of TAIFEX time series to-
gether with the forecasts obtained by all the 
methods 

 

found as shown in Table 2. Table 2 also presents the MSE values and the fore-
casted values obtained from the methods which are proposed in [2], [6] and [7].  
When we examined the results we saw that the smallest MSE value has been ob-
tained from the proposed method. The real time series, together with their fore-
casted values obtained by all the methods, are comparatively plotted in Fig. 2.  

5   Conclusion 

In this paper, we propose a new method based on ANN for analyzing a high order 
bivariate fuzzy time series forecasting model. After our proposed method and the 
other methods given in [3], [6] and [7] are applied to the time series data sets 
which are TAIFEX and TAIEX, it has been observed that the best forecasts are 
obtained from our proposed method which has the smallest MSE value. Using 
ANN, instead of determining fuzzy relation tables after intense calculations, 
makes the method more computationally easier. The method mentioned herein is 
superior than the other methods in terms of providing better forecasts and being 
practical. 
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A Genetic Fuzzy System with Inconsistent Rule
Removal and Decision Tree Initialization

Pietari Pulkkinen and Hannu Koivisto

Abstract. This paper presents a genetic fuzzy system for identification of Pareto-
optimal Mamdani fuzzy models (FMs) for function estimation problems. The
method simultaneously optimizes the parameters of fuzzy sets and selects rules and
rule conditions. Selection of rules and rule conditions does not rely only on genetic
operators, but it is aided by heuristic rule and rule conditions removal. Instead of
initializing the population by commonly used Wang-Mendel algorithm, we propose
a modification to decision tree initialization. Experimental results reveal that our
FMs are more accurate and consist of less rules and rule conditions than the FMs
obtained by two recently published genetic fuzzy systems [2, 3].

1 Introduction

One reason for the popularity of fuzzy models (FMs) is that they can be transpar-
ent if identified adequately. Recent trend has been the application of multiobjective
evolutionary algorithms (MOEAs) to find FMs presenting trade-off between accu-
racy and interpretability criteria (see for example [2, 3, 11, 14, 16]). Those methods
are also called genetic fuzzy systems (GFS) [4]. It was stated in [2] that most of
MOEA based methods in literature consider only classification problems, that is,
the output belongs to a set of pre-specified labels. Only few have covered func-
tion estimation problems, that is, the value of output is continuous (see for example
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[2, 3, 14, 16]). Some of these [14, 16], however, applied Takagi-Sugeno (TS) FM,
which may be harder to interpret than Mamdani FM due to linear function in its
consequent part.

In [2, 3] MOEAs were applied to find a Pareto-optimal set of Mamdani FMs. In
[2], the number of rules and parameters of fuzzy sets were optimized by MOEA,
but the rule conditions were kept fixed. Thus, optimal rules can not be found. In [3],
the number of rules and rule conditions were optimized by MOEA, however, the
parameters of fuzzy sets were fixed and pre-specified. Therefore, fuzzy partitions
may not present the real distribution of data and the accuracy of FMs is deteriorated
[7]. On the other hand, it was pointed out in [8] that if the fuzzy partitions of each
variable are available by a priori knowledge, modification of them can impair the
interpretability of FMs.

When function estimation problems are considered, the initial population is usu-
ally obtained randomly or by Wang and Mendel (WM) method [15]. Naturally ran-
dom initialization does not guarantee a good starting point for further optimization.
WM method also has several drawbacks. First, it leads to high number of rules when
high dimensional problems are considered. Second, it requires that the each variable
is partitioned with fuzzy sets a priori. Third, it uses all available variables in all rules,
thus leading to unnecessary complexity of the rule base.

DT based initialization algorithm was introduced in [1]. Because it can automati-
cally select the relevant variables and partition the input space, it makes it a desirable
initialization algorithm. In [1] it was applied to classification problems and here we
modify it to suit for function estimation problems.

The further optimization is performed by MOEA, which selects the adequate
rules and rule conditions and optimizes the parameters of fuzzy sets. Rule selection
is not solely based on genetic operators but aided by heuristic removal of inconsis-
tent rules and rule conditions. Our method is validated by identifying FMs for four
well known problems and comparing our results to other MOEA based approaches
[2, 3]. Our results show that our method obtains more compact and accurate FMs
than in the comparative studies.

This paper is organized as follows. First, Mamdani FMs are defined. Then, in
section 3, our identification method is introduced. After that, in section 4, the results
comparison is performed. Finally, conclusions are given in section 5.

2 Mamdani Fuzzy Models

Let the dataset with D data points and n input variables be denoted as Z = [X y],
where X is D× n input matrix and y is D× 1 output vector. Mamdani fuzzy rules
are denoted as:

Ri : If x1 is Ai,1 . . . and xn is Ai,n then Bi,

where Ai, j , j = 1, . . . ,n, i = 1, . . . ,R, is an input membership function (MF), Bi is an
output MF, and R is the number of rules. In order to reduce the computational costs,
the output of FMs is computed here by approximation of centroid method [17, 3]:
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ŷk = ∑R
i=1 βi(xk)B̄i

∑R
i=1 βi(xk)

, (1)

where B̄i is the center an output MF Bi, and βi is the rule activation degree: βi(xk) =
∏n

j=1 Ai, j(xk, j). When output MFs are uniformly and symmetrically shaped, eq. (1)
is an equivalent to centroid defuzzification [17].

3 Proposed Identification Method

3.1 Mamdani FM Initialization Using C4.5 Algorithm

In [1], C4.5 algorithm [12] was used to initialize fuzzy classifiers. Since we consider
function estimation problems, the output data need to be discretized in order to use
C4.5 algorithm. That is done by dividing the output to Nout crisp regions, where
Nout is a positive integer. Each output value falls into one of these Nout regions and
it is replaced with corresponding class label S ∈ {1, . . . ,Nout}, representing these
regions. Then, C4.5 is used to match the input vectors to one of these class labels.

In Fig. 1 Box-Jenkins Gas Furnace data1 is used as an example of applying C4.5
to predict continuous output. It is seen that crisp decision tree (DT) can not interpo-
late between rules. Thus, the resulting DT is transformed into a fuzzy classifier (FC)
using the methodology given in [1]. However, the class labels in rule consequent are
replaced with membership functions (MFs) in order to predict continuous outputs.
To be able to cover the whole output range, the center of an output MFs need to be
placed to lower χl and upper χu bounds of the range χ = χu − χl . For the sake of
interpretability, the MFs centers are evenly placed between lower and upper bounds:

c1 = χl and c j = c j−1 +
χ

Nout − 1
, j = 2, . . . ,Nout . (2)

Center values of output MFs are one of those centers B̄i = cSi , where Si ∈{1, . . . ,Nout},
i = 1, . . . ,R. Since B̄i is the only parameter needed in eq. (1) to compute the output of
an FM, the type of an output MF can be, for example, triangular, Gaussian, singleton,
or generalized bell (gbell) without affecting the result of computation. An example of
an output partition with 5 Gbell MFs is presented in Fig. 1 (c). Gbell MFs are defined
as:

μ(x;a,b,c) =
1

1+
∣∣x−c

a

∣∣2b , (3)

where b defines the fuzziness of an MF. Like mentioned earlier, it has no effect on
computation of the output of an FM and in Fig. 1 (c) it was set to 2.5. For the sake
of interpretability, it is required that at the intersection points, the intersecting MFs
have membership value of 0.5. Therefore, the distance from the center c j of each
MF to the intersection points is a = χ

2(Nout−1) .

1 That dataset is described later in section 4.1.
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3.2 Merging of Fuzzy Sets

The FM initialized by C4.5 is likely to contain highly similar fuzzy sets and it is
beneficial to merge them. As a similarity measure the following is used: S(Ai,A j) =
|Ai

⋂
A j |

|Ai
⋃

A j | , where
⋂

and
⋃

are the set theoretic intersection and union, respectively

[13] . In this paper all pairs exceeding the user specified threshold Δ are merged.
After merging, the resulting FM may have similar [13] or inconsistent rules in the
rule base. Therefore it goes through heuristic removal of inconsistent rules and rule
conditions described later in section 3.5. Then, the rest of the population is created
by randomly replacing some parameters of the simplified initial FM, such that, the
initial population is widely spread [11]. Finally, the rest of the population go through
the heuristic rule and rule conditions removal and the initial population is ready for
further optimization by MOEA performed by popular NSGA-II [6].

3.3 Coding of the Mamdani FM

Mamdani FM is presented with three real-coded vectors: antecedent vector A∗, input
MF parameter vector P, and output MF parameter vector S∗. Asterisks in A∗ and S∗
indicate that although real-coded values are optimized by MOEA, the values are
rounded to the nearest integer when fitness evaluation is performed. The resulting
integer vectors are respectively marked as A and S.

A specifies for each rule i = 1, . . . ,R, which MF is used for variable j = 1, . . . ,ns,
where ns is the number of variables used in simplified initial FM. Because C4.5 can
select input variables, ns ≤ n:

A = (A1,1,A1,2, . . . ,A1,ns , . . . ,AR,1,AR,2, . . . ,AR,ns), (4)

Ai, j ∈ {0,1, . . . ,Mj}, where Mj stands for the number of MFs in variable j in
simplified initial FM. If Ai, j = 0, variable j is not used in rule i. Variable selection

Fig. 1 (a) Each continuous
output value belongs to one
of the five regions and it is
replaced with corresponding
class label. (b) Estimating
the output using crisp deci-
sion tree. (c) Each of the five
regions is represented with
an MF
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and rule selection are possible during the evolutionary search. Variable j is removed
if ∀i,Ai, j = 0 and rule i is removed if ∀ j,Ai, j = 0.

P defines the parameters of input MFs:

P = (P1,1,P1,2, . . . ,P1,β , . . . ,Pγ,1,Pγ,2, . . . ,Pγ,β ), (5)

where γ stands for the number of parameters used to define an MF and β = ∑ns
j=1 Mj

is the total number of MFs in simplified initial FM. Because Gbell MFs are applied
in this paper, γ = 3.

The Gbell parameter a is constrained between (0.005χ ,χ/2), which means that
the width of an MF should be at least 1% of the variable range χ and not wider
than χ . Parameter b defining the fuzziness of an MF is required to be > 1 so that
it does not cover large areas with low degree of membership, which leads to poor
distinguishability of MFs [9]. On the other hand, large b value makes MFs almost
crisp. Therefore 1 < b < 10. Finally, the center of an MF is required to be inside the
variable range. Thus, χl < c < χu.

During the evolutionary learning the antecedents of the rules and parameters of
input MFs may be altered, such that, the initial output MFs may not be appropriate
anymore [11]. Hence, S = (S1,S2, . . . ,SR) stating the output MFs of the rules (see
section 3.1) is optimized during the evolutionary search.

The total number of parameters to be optimized θ by MOEA is the sum of the
lengths of A∗, P, and S∗. Thus, θ = R× ns + γ ×β +R.

3.4 MOEA Optimization of the Initial Population

Each member of the population has the same amount of parameters to be optimized
as in initial FM created by C4.5 and simplification operators. Fig. 2 depicts the
further optimization of the initial population resulting to a set of Pareto-optimal
FMs. Although C4.5 algorithm was used with discretized output data, during the
further optimization the original undiscretized data are used. The fitness objectives
to be minimized are: number of rules R, number of rule conditions (total rule length)
Rcond, and mean squared error MSE = 1

D ∑D
k=1(yk − ŷk)2.

3.5 Heuristic Rule and Rule Condition Removal

At every iteration, NSGA-II evaluates the fitness of the offspring population [6]. The
size of the offspring population is the same as the population size Npop. Thus, the
fitness of Npop FMs is evaluated, which is a computationally demanding operation.
If these FMs contain inconsistent rules and rule conditions, the fitness evaluations
take a longer time than in case those inconsistencies are absent. Therefore the evo-
lutionary search is aided by three heuristic operations: (1) Only one of the rules with
exactly the same antecedent part is preserved [13]. (2) If there are rules of different
length in which all conditions of the shorter rule(s) are present in the longer rule(s),
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only one of them is preserved. By uniform chance, the preserved rule is either the
longest rule (i.e. the most specific rule) or it is randomly selected out of the incon-
sistent rules [9]. (3) If there are conditions, which are present in all of the rules, they
are removed from all of them [10].

4 Experiments

4.1 Datasets

The aim in Electric dataset is to estimate the maintenance costs of a medium voltage
electrical network in a town [5] based on 4 input variables. It is a real-world dataset
consisting of 1059 datapoints. Data partitions for 5-fold cross-validation were ob-
tained from the website of Jorge Casillas: http://decsai.ugr.es/∼casillas/fmlib/.

Mackey-Glass (MG) is a chaotic time series defined by:

dx(t)
dt

=
0.2x(t − τ)

1 + x10(t − τ)
.

The problem is to predict x(t +6) based on [x(t),x(t − 6),x(t − 12), and x(t −18)].
In [3] and also in our experiments, τ was set to 17 and x(0) to 1.2, which are typical
values in the literature. Like in [3], we generated 500 datapoints to be used in our
experiments.

Lorenz attractor (Lorenz) is another chaotic time series:

dx(t)
dt

= σ(y(t)− x(t)),
dy(t)

dt
= ρx(t)− y(t)− x(t)z(t),

dz(t)
dt

= −z(t)β + x(t)y(t)

The standard values σ = 10, ρ = 28, and β = 8/3 were used here and also in [3].
x(0), y(0), and z(0) were set to 1. The goal is to predict x(t +1) based on [x(t),x(t −
1),x(t − 2),x(t − 3)]. Like in [3], 500 datapoints were generated to be used in our
experiments.

Box-Jenkins Gas-Furnace (Gas) is a well known dataset. The problem is to
predict CO2 concentration y(k) based on 4 previous concentration values [y(k −
1), . . . ,y(k − 4)] and 6 previous methane feed rate values [u(k − 1), . . . ,y(k − 6)].
There are 296 datapoints in this dataset and it is available, for example, from the
website of Greg Reinsel: http://www.stat.wisc.edu/∼reinsel/bjr-data.

Fig. 2 Further optimiza-
tion is performed using the
original undiscretized data
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4.2 Experimental Setup

For all the datasets, the parameters in Table 1 were applied. C4.5 was used with
its default parameters defined in [12] and the output was partitioned with 5 output
MFs in all experiments. The number of generations G and population size Npop for
Electric problem were both 1000 (1 000 000 fitness evaluations). For MG, Lorenz
and Gas datasets G = 350 and Npop = 600 (210 000 fitness evaluations). With all
datasets, 5-fold cross-validation2 was repeated 6 times (total 30 runs) with different
random seeds.

Table 1 Parameters used in this study

Distribution index
for mutation

Distribution index
for cross-over

Cross-over
probability

Mutation propabil-
ity

Merging threshold
Δ

20 20 0.9 1/θ 0.7

The results are reported by drawing the Pareto fronts, which can be different for
each run. There can also be FMs having the same number of rules but different
number of rule conditions. To present an average result over a run, the average of
the rule conditions Rcond, training accuracy MSEtrn, and testing accuracy MSEtst of
FMs with certain number of rules are computed for each run. Then those values are
averaged over the runs they were present. To obtain reliable results, it is required
that an FM with certain number of rules is present in the Pareto front at least in 15
out of 30 runs in order to be included in the Figures.

4.3 MG, Lorenz and Gas Datasets: Results Comparison

Our proposal is compared to a MOEA-based approach [3], which starts with ran-
dom initialization of the population. Rules and rule conditions are selected but
MFs are not tuned. As optimization algorithms, several well known algorithms,
such as, NSGA-II, PAES, (2+2)PAES, and MOGA, were used. However, the re-
sults of MOGA are excluded, because the root mean squared error (RMSE) ob-
tained by it was clearly worse than the RMSE of the other methods. Including
those results would have made depicting of Figures, in which results are compared,
difficult.

In that paper, a Table containing the information of the first FMs having RMSE
for train set lower than a defined threshold was presented. The first FMs means that
they are the most compact FMs of the Pareto front having the RMSE less than the
threshold. Those thresholds were selected, such that, they present a good RMSE

2 Each dataset was divided into 5 subsets. Learning was performed with 4 subsets and testing
with the remaining subset. The procedure was iterated 5 times, such that, each time a
different subset was used for testing.
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value for a particular problem. For MG, Lorenz, and Gas datas the thresholds were
0.08, 1, and 0.6, respectively.

Our results, like mentioned in section 4.2, are the result of 5-fold cross-validation
repeated 6 times. They are presented in Fig. 3. It is seen that for MG and Lorenz
datasets, our FMs dominate the FMs of the comparative study. It is also noticed that
for Gas data, none of our FMs is dominated by the FMs of the comparative study,
which are dominated by many of our FMs.

4.4 Electric Data: Results Comparison

Our results were compared to another MOEA based Mamdani FM identification
approach [2]. It creates the initial population using WM algorithm and uses MOEAs
(NSGA-II [6] and SPEA2 [18]) to tune the MFs and to select rules (50 000 fitness
evaluations). Note, that rule conditions are not selected by it but the whole rule
is either included or not included into rule base. Thus each rule has as many rule
conditions as there are input variables in the dataset.

The accuracy of the FMs was analyzed in [2] as follows. For each run, the FM
with the lowest MSEtrn was selected and the number of rules R, number of rule
conditions Rcond and MSEtst of that FM were recorded. They were averaged over
the number of runs and standard deviations σ of MSEtrn and MSEtst were reported.
Moreover, T-test with 95% confidence was reported for the MSEtrn and MSEtst.
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Fig. 3 The results comparison for four datasets
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Here we perform exactly the same analysis and use the same notations as in [2]; �
stands for the best averaged result in the column, + means that the performance of
the corresponding row is worse than the best result, and = means that there is no
significant difference compared to the best result.

From the results presented in Table 2 it is seen that the simplified initial FMs,
denoted by C4.5, are more compact than the final FMs in comparative study. How-
ever, their accuracy need to be improved by learning process. It is seen that for both
train and test sets, the T-test shows that our final FMs are significantly more accu-
rate than final FMs in [2]. Yet, they contain far less rules and rule conditions than
in comparative study. That can also be seen from Fig. 3, in which the Pareto front
alongside with the results of [2] is shown.

Table 2 Electric data: results comparison

Reference Method R Rcond MSEtrn/2 σtrn T-test MSEtst/2 σtst T-test

Alcalá WM+SPEA2 33 132 13272 1265 + 17533 3226 +
et al. [2] WM+NSGA-II 41 164 14488 965 + 18419 3054 +
This C4.5 28.8 66.2 103155 8952 + 111760 21203 +
paper C4.5+NSGA-II 13.4 23.8 11086 1993 � 13035 3734 �

5 Conclusions

We proposed a genetic fuzzy system (GFS) for identification of Mamdani fuzzy
models (FMs). It simultaneously optimizes the parameters of fuzzy sets and selects
rules and rule conditions. Learning process is not solely based on genetic operators
but is aided by inconsistent rule removal. Besides, the initial population is created
based on a modification to decision tree (DT) initialization proposed in [1].

Our method was compared to two genetic fuzzy systems [2, 3]. It was seen that
usually our FMs contained less rules and rule conditions and were more accurate
than the FMs of the comparative studies.

The focus of this paper was on obtaining accurate FMs with very small rule bases.
Interpretability of fuzzy partition is not always guaranteed by our GFS and a future
study is needed to consider that aspect as well.

References

1. Abonyi, J., Roubos, J.A., Szeifert, F.: Data-driven generation of compact, accurate, and
linguistically-sound fuzzy classifiers based on a decision-tree initialization. Intl. J. Ap-
prox. Reason. 32(1), 1–21 (2003)
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Robust Expectation Optimization Model Using
the Possibility Measure for the Fuzzy Random
Programming Problem

Takashi Hasuike and Hiroaki Ishii

Abstract. This paper considers an expectation optimization model using a possi-
bility measure to the objective function in the fuzzy random programming prob-
lem, based on possibilistic programming and stochastic programming. The main
fuzzy random programming problem is not a well-defined problem due to including
random variables and fuzzy numbers. Therefore, in order to solve it analytically,
a criterion for goal of objective function is set and the chance constraint are intro-
duced. Then, considering decision maker’s subjectivity and flexibility of the original
plan, a fuzzy goal for each objective function is introduced. Furthermore, this pa-
per considers that the occurrence probability of each scenario has ambiguity, and is
represented as an interval value. Considering this interval of probability, a robust ex-
pectation optimization problem is proposed. Main problem is transformed into the
deterministic equivalent linear programming problem, and so the analytical solution
method extending previous solution approaches is constructed.

1 Introduction

In the real-world decision making problems, one often needs to make an opti-
mal decision under uncertainty. Stochastic programming (for example, Beale [1],
Charnes and Cooper [2], Dantzig [3]) and fuzzy programming (for example, Dubois
and Prade [4], Inuiguchi and Tanino [5]) have been developed as useful tools
for decision makers to determine an optimal solution. However, decision makers
are faced with environments including both randomness derived from statistical
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analysis based on practical data and fuzziness such as ambiguity of received in-
formation and decision maker’s subjectivity. In order to construct a framework of
decision making models under such stochastic and fuzzy environments, in some re-
searches, fuzzy random variables (Kruse and Meyer [6], Kwakernaak [7], and Puri
and Ralescu [8]) and random fuzzy variable (Liu [9, 10]) are brought to the attention
of researchers.

Let us consider the situation that a profit per production unit is dependent on
customer’s demand, cost of each resource, etc., which are considered as future sce-
narios including random and ambiguous conditions. In the case that a realized profit
under each scenario is estimated as random variables, a fuzzy set or fuzzy num-
ber, it turns out that the profit is expressed by a fuzzy random variable or a random
fuzzy variable. In such a case, a linear programming problem is formulated to max-
imize total profit, in which the coefficients of objective function are fuzzy random
variables or random fuzzy variables. Fuzzy random variables were first defined by
Kwakernaak [7], and the mathematical basis was established by Puri and Ralescu
[8]. Fuzzy random linear programming problems were investigated to provide de-
cision making models and methodologies under fuzzy stochastic environments (For
example, Katagiri et al. [11, 12]). Thus, the fuzzy random variable means a function
from the probability space to the set of fuzzy numbers, i.e., a random variable taking
fuzzy values.

In Katagiri et al. [13], they have considered an expectation optimization model
using the possibility measure for fuzzy random programming problems. However,
particularly in the case considering a finite random set to occurrence probabilities, it
is difficult to set each probability as a fixed value due to uncertainty derived from a
lack of reliable information and the subjectivity of the decision maker. Furthermore,
in the case that decision makers consider the robustness of mathematical models in
order to accommodate unpredictable situations as much as possible, it is natural that
each probability has an ambiguity and is represented as an interval value. Therefore,
in order to extend the previous model in Katagiri [13], and to develop a new ver-
satile model for previous many fuzzy random programming problems by including
intervals of occurrence probabilities, we propose a robust expectation optimization
model for fuzzy random programming problems. By introducing such intervals to
the probabilities and setting widths of the intervals and fuzzy numbers according to
the subjective tendency of each decision maker, decision makers can consider not
only single scenario case to assume initially but also various cases surrounding the
single case, simultaneously.

In the mathematical programming, our proposed model is equivalently trans-
formed into a semi-infinite programming problem. In general, it is difficult to
solve this problem since we do not apply standard mathematical programming
approaches, directly. However, using the properties of possibility measure and ex-
pectation, we show that our proposed model is efficiently solved by our proposed
solution method.

This paper is organized as follows. The next section devotes to introducing fuzzy
random variables and the formulation of the fuzzy random programming problem.
In Section 3, we introduce a robust expectation optimization model for the main
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fuzzy random programming problem, and construct the efficient solution method
using the equivalent transformations and the duality of our proposed model. In
Section 4, we illustrate a situation that can be applied by using a numerical example.
Finally, in Section 5, we conclude this paper.

2 Formulation of Fuzzy Random Programming Problem

2.1 Fuzzy Random Variables

A fuzzy random variable was first defined by Kwakernaak [7]. The mathematical
basis was established by Puri and Ralescu [8]. Kruse and Meyer [6] provides a
slightly different definition. Since this article utilizes a simple one, we define fuzzy
random variables as follows:

Definition 1. Let (Ω ,B,P) be a probability space, F (R) the set of fuzzy numbers
with compact supports and X measurable mapping Ω → F (R). Then, X is a fuzzy
random variable if and only if given ω ∈ Ω , Xα (ω) is a random interval for any
α ∈ [0,1], where Xα (ω) is a α-level set of the fuzzy set X (ω).

The above definition of fuzzy random variables corresponds to a special case of
those given by Kwakernaak [7] and Puri and Ralesu [8]. The definitions of them are
equivalent for the above case because a fuzzy number is a convex fuzzy set. Though
it is a simple definition, it would be useful for various applications.

2.2 Fuzzy Random Programming Problem

In this paper, we consider the following linear programming problem:

Minimize
n
∑
j=1

˜̄c jx j

subject to Ax ≤ b,x ≥ 0
(1)

where x is an n-dimensional decision column vector, A is an m×n coefficient matrix
and b is an m-dimensional column vector. Then, each ˜̄c j is a fuzzy random variable
characterized by the following membership function:

μ˜̄c j
(ω) =

⎧
⎪⎪⎨

⎪⎪⎩

L
(

c̄ j−ω
α j

)
(c̄ j −α j ≤ ω ≤ c̄ j)

R
(

ω−c̄ j
β j

)
(c̄ j ≤ ω ≤ c̄ j + β j)

0 (ω < c̄ j −α j, c̄ j +β j < ω)

(2)

where L(x) and R(x) are nonincreasing reference functions to satisfy L(0)= R(0)=
1, L(1) = R(1) = 0 and the parameters α j and β j represent the spreads correspond-
ing to the left and the right sides, respectively, and both parameters are positive
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values. Then, c̄ j is a random variable whose realization under the occurrence of
the ith scenario is ci j, and the probability that the ith scenario occurs denotes pi.

Suppose that
S
∑

i=1
pi = 1. Therefore, using this membership function and the exten-

sion principle, the membership function of the objective function ˜̄Z =
n
∑
j=1

˜̄c jx j is as

follows:

μ ˜̄Z (ω) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

L

⎛

⎝

n
∑

j=1
c̄ jx j−ω

n
∑

j=1
α jx j

⎞

⎠

(
n
∑
j=1

c̄ jx j −
n
∑
j=1

α jx j ≤ ω ≤
n
∑
j=1

c̄ jx j

)

R

⎛

⎝
ω−

n
∑

j=1
c̄ jx j

n
∑

j=1
β jx j

⎞

⎠

(
n
∑
j=1

c̄ jx j ≤ ω ≤
n
∑
j=1

c̄ jx j +
n
∑
j=1

β jx j

)

0 (otherwise)

(3)

In this paper, we call mathematical programming with fuzzy random variables
f uzzy random programming problem. Problem (1) is not a well-defined problem
due to including fuzziness and randomness, and it cannot be minimized in the sense
of deterministic mathematical programming. Therefore, decision makers need to set
a criterion with respect to the objective function and to transform the main problem
into the deterministic equivalent problem. Furthermore, considering the ambiguity
and subjectivity of the decision maker’s judgment, it is natural to assume that the
decision makers may have imprecise or fuzzy goals for the objective function in
problem (1). In a minimization problem, a goal stated by the decision maker may be
to achieve ”approximately less than or equal to some value”. This type of statement
can be quantified by eliciting a corresponding membership function. For the objec-
tive function, we introduce a fuzzy goal characterized by the following membership
function to consider the subjectivity of human’s judgment:

μG̃ (y) =

⎧
⎨

⎩

1 (y ≤ gL)
g (y) (gL < y ≤ gU)

0 (gU < y)
(4)

where g(y) is a continuous and strictly decreasing function. By using a concept
of possibility measure, the degree of possibility that the objective function value
satisfies the fuzzy goal is represented as follows:

Π ˜̄Z

(
G̃
)

= sup
y

min
{

μ ˜̄Z (y) ,μG̃ (y)
}

(5)

Using this degree of possibility, in the case that the decision maker prefers to maxi-
mize the degree of possibility, problem (1) is reformulated as follows:

Maximize Π ˜̄Z

(
G̃
)

subject to Ax ≤ b,x ≥ 0
(6)
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This problem is equivalent to the following form introducing a parameter h:

Maximize h
subject to Π ˜̄Z

(
G̃
)≥ h,

Ax ≤ b,x ≥ 0
(7)

2.3 Expectation Optimization Model Using a Possibility Measure

Since Π ˜̄Z

(
G̃
)

varies randomly due to the randomness of c̄ j, problem (7) can be
regarded as a stochastic programming problem. In stochastic programming prob-
lem, there are some typical models. In this paper, we focus on the expectation op-
timization model, which is to optimize the expectation of the objective function. In
problem (7), since each scenario occurs at the probability pi, the expected degree of
possibility is expressed by

E
[
Π ˜̄Z

(
G̃
)≥ h

]
=

S

∑
i=1

pi

(
n

∑
j=1

ci jx j

)

−L∗ (h)
n

∑
j=1

α jx j ≤ g−1 (h) (8)

where L∗ (h) is the pseudo inverse function of L(x) and g−1 (h) is the inverse
function of g(x). Therefore, problem (7) is reformulated the following expectation
optimization model:

Maximize h
subject to E

[
Π ˜̄Z

(
G̃
)]≥ h,

Ax ≤ b,x ≥ 0
(9)

i.e.
Maximize h

subject to
S
∑

i=1
pi

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j ≤ g−1 (h) ,

Ax ≤ b,x ≥ 0,
S
∑

i=1
pi = 1

(10)

3 Robust Expectation Optimization Model

In problem (10), if each occurrence probability pi is a fixed value, by using the
bisection algorithm on h, problem (10) is equivalent to a linear programming prob-
lem, and so we obtain the optimal solution. However, a decision maker often does
not assume each probability to be a fixed value due to uncertainty derived from
a lack of reliable information and the subjectivity of the decision maker consid-
ering the robustness of the decision variables, but assumes them to include an
interval to each probability. In this paper, this interval of probability is given as
pL

i ≤ pi ≤ pU
i , where the lower value pL

i and upper value pU
i are assumed to be con-

stant. Thereby, it is possible that the decision maker constructs the flexible model
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involving various practical conditions by considering the interval of probability.
Then, in this subsection, we particularly focus on a maximin programming prob-
lem in which the decision maker considers the case that the objective function is
less than a target value under all the situations including the interval of probabili-
ties. This means that the proposed model is a robust model applied to various future
cases such as more substantial changes of parameters. Therefore, we propose the
following robust expectation optimization model:

Maximize h

subject to max
p∈P

{
S
∑

i=1
pi

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j

}

≤ g−1 (h) ,

Ax ≤ b,x ≥ 0,

P =
{

p

∣
∣
∣
∣p

L
i ≤ pi ≤ pU

i ,
S
∑

i=1
pi = 1, (i = 1,2, ...,S)

}

(11)

i.e.

Maximize h

subject to
S
∑

i=1
pi

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j ≤ g−1 (h) , (∀p ∈ P)

Ax ≤ b,x ≥ 0,

P =
{

p

∣
∣
∣
∣p

L
i ≤ pi ≤ pU

i ,
S
∑

i=1
pi = 1, (i = 1,2, ...,S)

}

(12)

Since problem (12) is a semi-infinite programming problem (SIP) due to the inclu-

sion of infinite inequalities
S
∑

i=1
pi

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j ≤ g−1 (h) , (∀p ∈ P).

Therefore, we need to construct the more efficient solution method as it cannot
be solved directly using basic linear programming approaches. However, in the
case that we fix the parameter p, problem (12) is equivalent to a finite linear pro-
gramming problem. Furthermore, each decision variable x j is a positive value.
Therefore, we can apply an efficient solution method proposed by Lai and Wu
[14] for SIP to problem (12). In order to construct the solution method, we in-
troduce the following subproblem (SP(E)) where E is the index set defined by
E := {1,2, ...,L}:

Maximize h

subject to
S
∑

i=1
p(l)

i

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j ≤ g−1 (h) ,
(
∀l ∈ E, p(l) ∈ P

)

Ax ≤ b,x ≥ 0,
(13)

In this case that we fix the parameter h as h̄, we consider the following
subproblem:
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Maximize θ

subject to
S
∑

i=1
p(l)

i

(
n
∑
j=1

ci jx j

)

−L∗ (h̄
) n

∑
j=1

α jx j ≤ g−1 (θ ) ,
(
∀l ∈ E, p(l) ∈ P

)

Ax ≤ b,x ≥ 0,
(14)

Subsequently, let h∗ be the optimal value of problem (13) and ĥ denote h satisfying

max
p∈P

{
S
∑

i=1
pi

(
n
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j

}

= g−1 (h). Then, the following theorem

is derived from the study of Katagiri et al. [11].

Theorem 1. Suppose that 0 < h∗ < 1 holds. Then, h∗ is equivalent to be ĥ.

In problem (14), the number of constraints in problem (14) is finite and all con-
straints are linear constraints, and so problem (14) is a standard linear programming
problem. Furthermore, it is obvious that the dual problem DSP(E) for SP(E) is also a
linear programming problem. Thereby, using SP(E) and DSP(E),we develop the fol-
lowing efficient solution algorithm for problem (11) extending the solution method
of Lai and Wu [14].

Solution method

STEP1: Elicit the membership function of a fuzzy goal for the probability with
respect to the objective function value.

STEP2: Set all intervals of probabilities pL
i ≤ pi ≤ pU

i , (i = 1,2, ...,S).
STEP3: Set Uq ← 1 and Lq ← 0.

STEP4: Set γ ← Uq+Lq
2

STEP5: Set initial weight sets E0 =
{

1,2, ..., l(0)
}

,
(
∀l ∈ E0, p(l) ∈W

)
and solve

problem (14) on h̄ = γ . Then, set the optimal solution to be x0,θ 0, and d ← 0.

STEP6: If Zh̄=max
p∈P

{
S
∑

i=1
pi

(
n
∑
j=1

ci jxd
j

)

−L∗ (h̄
) n

∑
j=1

α jxd
j −θ d

}

≥ 0, go to STEP9.

If not, reset the values as follows:

pld
:=

{

p

∣
∣
∣
∣
∣
max
p∈P

{
S
∑

i=1
pi

(
n
∑
j=1

ci jxd
j

)

−L∗ (h̄
) n

∑
j=1

α jxd
j −θ d

}}

and Ēd+1 := Ed ∪
{

ld
}

STEP7: Solve the primal problem SP(Ēd+1) and dual problem DSP(Ēd+1), and
obtain optimal solutions xd+1,θ d+1 and vd+1 (l)

STEP8: Reset Ed+1 :=
{

l ∈ Ēd+1 |vd+1 (l) > 0
}

and d ← d + 1. Then, return to
STEP 6.

STEP9: If Zh̄ > g−1
(
h̄
)
, Uq ← γ and return to STEP4. If Zh̄ < g−1

(
h̄
)
, Lq ← γ

and return to STEP4. Else, if Zh̄ = g−1
(
h̄
)
, x(d) is an optimal solution of problem

(11) and terminate this algorithm.

Subsequently, the solution method from steps 5 to 8 to solve SIP using primal prob-
lem SP(E) and dual problem DSP(E) is equal to that of Lai and Wu [14]. Therefore,
it is obvious that convergence of this algorithm from steps 5 to 8 is obtained by
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Lai and Wu [14]. Furthermore, the solution method form steps 1 to 4 and 9 is also
equal to that of Katagiri [11]. Consequently, it is obvious that the convergence of
this algorithm is entirely obtained.

4 Numerical Example

In order to illustrate our considering situation that the proposing solution method is
applied, we provide a numerical example. We assume that there are four decision
variables, three constraints and three scenarios to each fuzzy random variable set, i.e.
c̄ = {c1,c2,c3} , pk = Pr{c̄ = ck} . The values of coefficient in objective functions
are given as the following Tables 1. Then, all fuzzy numbers are assumed to be
symmetric triangle fuzzy numbers.

Table 1 Values of parameters

Decision variable A B C D

˜̄c j 〈c̄1,2〉 〈c̄2,5〉 〈c̄3,8〉 〈c̄4,3〉
c1 j 5 10 15 15
c2 j 10 8 20 15
c3 j 8 12 15 10
p1 [0.2,0.4] [0.2,0.4] [0.2,0.4] [0.2,0.4]
p2 [0.2,0.5] [0.2,0.5] [0.2,0.5] [0.2,0.5]
p3 [0.3,0.6] [0.3,0.6] [0.3,0.6] [0.3,0.6]

Then, we consider the following problem as the numerical example:

Maximize h

subject to max
p∈P

{
3
∑

i=1
pi

(
4
∑
j=1

ci jx j

)

−L∗ (h)
n
∑
j=1

α jx j

}

≤ g−1 (h) ,

4x1 +4x2 +2x3 +5x4 ≥ 200,
3x1 +6x2 + x3 +2x4 ≥ 250,
5x1 +3x2 +2x3 +3x4 ≥ 250,
x1,x2,x3,x4 ≥ 0

(15)

If the decision maker does not consider the fuzzy numbers, the main problem is
transformed into the problem based on the stochastic programming whose object

is minimizing max
p∈P

{
3
∑

i=1
pi

(
4
∑
j=1

ci jx j

)}

. We solve this problem and obtain the op-

timal value 502.38. Therefore, considering this optimal value, we assume that the
aspiration level of objective value 500 becomes 0.5, and the fuzzy goal μG̃ (y) in
formula (4) is given as follows:
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μG̃ (ω) =

⎧
⎨

⎩

1 (ω ≤ 400)
600−ω

200 (400 < ω ≤ 600)
0 (600 < ω)

(16)

Using this membership function, we solve the problem using the proposed solution
method in Section 3 and obtain the following optimal value.

Table 2 Optimal solution to our proposed problem

A B C D h

35.71 23.81 0.000 0.000 0.738

In this numerical example and the optimal solution, we find that the decision
variables A and B with lower center values among all scenarios tend to be selected.

5 Conclusion

In this paper, we have considered a robust expectation maximization model for fuzzy
random programming problems using the possibility measure to the objective func-
tion. In order to solve our proposed model analytically and efficiently, we have in-
troduced the chance constraint and the fuzzy goal for the objective function, and
performed the deterministic equivalent transformation to the main problem. Further-
more, by considering the intervals of occurrence probabilities, we have proposed the
more versatile fuzzy random programming model than previous similar models.

It should be noted here that the problems involving fuzzy random variables are
generally able to represent more complicate situations, but are a little complex prob-
lems compared with those involving only randomness or fuzziness. However, our
proposed model can be solved not only easily but also optimally by combined use
of conventional solution methods, i.e., simplex method and the bisection method.
Furthermore, this model has the robustness to apply to various practical and change-
able situations than the other fuzzy random programming models. As far as these
points of view are concerned, our proposed model and solution algorithm have an
advantage over other fuzzy random programming models.
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Improving Mining Fuzzy Rules with Artificial
Immune Systems by Uniform Population

Edward Mȩżyk and Olgierd Unold

Abstract. The paper introduces speed boosting extension to a novel induction of
fuzzy rules from raw data using Artificial Immune System methods. An improved
approach uses a efficient initial population generation method. The so called uni-
form population method distributes initial population over chromosomes space
uniformly omitting some drawbacks of random population. An improved mining
method gives more stable results in an average shorter time.

1 Introduction

Data Mining is a part of a larger process called Knowledge Discovery in Databases.
Its main goal is to find patterns within large data sets. Data mining tasks are often
categorised into types of tasks they are applied to. One of them is a classification
task, whose aim is to find general features of objects in order to predict classes they
are associated with. Decision tree approach, classification rule learning, association
rule mining, statistical approach, Bayesian network learning, and genetic algorithms
are the most frequently used classification methods [5].

Fuzzy-based data mining is a modern and very promising approach to mine data
in an efficient and comprehensible way. Moreover, fuzzy logic [10] can improve a
classification task by using fuzzy sets to define overlapping class definitions. This
kind of data mining algorithms discovers a set of rules of the form ”IF (fuzzy condi-
tions) THEN (class)”, whose interpretation is as follows: IF an example’s attribute
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values satisfy the fuzzy conditions THEN the example belongs to the class pre-
dicted by the rule. The automated construction of fuzzy classification rules from
data has been approached by different techniques like, e.g., neuro-fuzzy methods,
genetic-algorithm based rule selection, and fuzzy clustering in combination with
other methods such as fuzzy relations and genetic algorithm optimization (for refer-
ences see [11]).

A quite novel approaches, among others, integrate Artificial Immune Systems
(AISs) [3] and Fuzzy Systems to find not only accurate, but also linguistic inter-
pretability fuzzy rules that predict the class of an example. The first AIS-based
method for fuzzy rules mining was proposed in [2]. This approach, called IFRAIS
(Induction of Fuzzy Rules with an Artificial Immune System), uses sequential cov-
ering and clonal selection to learn IF-THEN fuzzy rules. In [8] the speed of IFRAIS
was improved significantly by buffering dicovered fuzzy rules in a clonal selection.
One of the AIS-based algorithms for mining IF-THEN rules is based on extending
the negative selection algorithm with a genetic algorithm [4]. Another one is mainly
focused on the clonal selection and so-called a boosting mechanism to adapt the
distribution of training instances in iterations [1]. A fuzzy AIS was proposed also
in [9], however that work addresses not the task of classification, but the task of
clustering.

This paper seeks to boost a speed of IFRAIS approach by exploring the use of
initial uniform population.

This paper is organized as follows. Section 2 explains the details of the buffered
IFRAIS. Section 3 introduces speed boosting extension to the IFRAIS by using
uniform population. Section 4 briefly describes the used data set and discusses the
experimental results. Finally section 5 concludes the paper with future works.

2 Buffered IFRAIS

Data preparation for learning in IFRAIS consists of the following steps: (1) create
a fuzzy variable for each attribute in data set; (2) create class list for actual data
set; (3) and compute information gain for each attribute in data set. IFRAIS uses a
sequential covering as a main learning algorithm.

Sequential covering algorithm

Input: full training set
Output: fuzzy rules set

rules set = 0
FOR EACH class value c in class values list DO
values count = number of c in full training set
training set = full training set
WHILE values count > number of maximal uncovered examples AND

values count > percent of maximal uncovered examples
rule = CLONAL SELECTION ALGORITHM(training set, c)
covered = COVER SET(training set, rule)
training set = training set / covered with rule set
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values count = values count - size of covered
ADD(rules set, rule)

END WHILE
END FOR EACH
training set = full training set
FOR EACH rule R in rules set DO
MAXIMIZE FITNESS(R, training set)
COMPUTE FITNESS(R, training set)

END FOR EACH
RETURN rules set

In the first step a set of rules is initialized as an empty set. Next, for each class to
be predicted the algorithm initializes the training set with all training examples and
iteratively calls clonal selection procedure with the parameters: the current training
set and the class to be predicted. The clonal selection procedure returns a discovered
rule and next the learning algorithm adds the rule to the rule set and removes from
the current training set the examples that have been correctly covered by the evolved
rule. For all uncovered examples the most common class occured in a full training
set is assigned.

Clonal selection algorithm is used to induct rule with the best fitness from training
set. Basic elements of this method are antigens and antibodies which refers directly
to biological immune systems. Antigen is an example from data set and antibody is
a fuzzy rule.

Similarly to fuzzy rule structure, which consists of fuzzy conditions and class
value, antibody comprises genes and informational gene. Number of genes in anti-
body is equal to number of attributes in data set. Each ith gene consists of a value
vi field involves one of the values belonging to the domain of the ith attribute in the
rule condition, equal or not equal operator oi, and an activation flag fi that indicates
whether ith fuzzy condition is active or inactive. The informational gene contains
the value vc of the class predicted by a rule. Each antibody can be represented as a
set {(v1,o1, f1),(v2,o2, f2), . . . ,(vn,on, fn),vc}, where n is the number of attributes
in the rule condition. The antecedent of the rule is encoded as a variable-length list
of rule conditions. If an attribute is not present in the antecedent of the rule, the
value of its flag is 0.

Clonal selection algorithm in a buffered IFRAIS [8]

Input: training set, class value c
Output: fuzzy rule

Empty hash table BUFFER initiation
Randomly create antibodies population of size s
and class value c
FOR EACH antibody A in antibodies population
PRUNE(A)
IF CONTAINS(BUFFER, A)

RETURN ASSOCIATED ELEMENT(BUFFER, A)
ELSE

fitness = COMPUTE FITNESS(A, training set)
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ADD(BUFFER, A, fitness)
END FOR EACH
FOR i=1 do generation count n
WHILE clones populations size < s-1

antibody to clone = TOURNAMENT SELECTION
(antibody population)

clones = CREATE x CLONES(antibody to clone)
clones population = clones population + clones

END WHILE
FOR EACH clone K in clones population

muteRatio = MUTATION PROBABILITY(K)
MUTATE(K, muteRatio)
PRUNE(K)
IF CONTAINS(BUFFER, K)

RETURN ASSOCIATED ELEMENT(BUFFER, K)
ELSE

fitness = COMPUTE FITNESS(K, training set)
ADD(BUFFER, A, fitness)

END FOR EACH
Antibody population = SUCCESSION(antibody population,
clones population)
END FOR
result = BEST ANTIBODY(antibodies population)
RETURN result

In the first step a BUFFER table is initialized as an empty table. In a hash table
BUFFER the pairs: rule and its fitness to actual training set are saved. If the hash
table contains given rule, then fitness associated with this rule is returned as a re-
sult and an exhaustive computation of fitness is omitted. In other case rule fitness
computation is executed and next rule with its fitness is saved in the hash table and
computed value is returned as a function output.

Next, clonal selection generates randomly antibodies population with informa-
tional gene equals to class value c passed in algorithm parameter. Next each anti-
body from generated population is pruned. Rule pruning has a twofold motivation:
reducing the overfitting of the rules to the data and improving the simplicity (com-
prehensibility) of the rules [12]. Fitness of the rule is computed according to the
formula

FITNESS(rule) =
T P

TP+ FN
· TN

TN +FP
(1)

where TP is number of examples satisfying the rule and having the same class as
predicted by the rule; FN is the number of examples that do not satisfy the rule
but have the class predicted by the rule; TN is the number of examples that do
not satisfy the rule and do not have the class predicted by the rule; and FP is the
number of examples that satisfy the rule but do not have the class predicted by the
rule. Hence the rules are fuzzy, the computation of the TP, FN, TN and FP involves
measuring the degree of affinity between the example and the rule. This is computed
by applying the standard aggregation fuzzy operator min
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AFFINITY (rule,example) = minn
i=1(μi(atti)) (2)

where μi(atti) denotes the degree to which the corresponding attribute value atti of
the example belongs to the fuzzy set accociated with the ith rule condition, and n
is the number of the rule antecedent conditions. The degree of membership is not
calculated for an inactive rule condition, and if the ith condition contains a nega-
tion operator, the membership function equals to (1− μi(atti)) (complement). An
example satisfies a rule if AFFINITY (rule,example) > L, where L is an activation
threshold. For each antibody to be cloned the algorithm produces x clones. The value
of x is proportional to the fitness of the antibody. Next, each of the clones undergoes
a process of hypermutation, where the mutation rate is inversely proportional to the
clone’s fitness. Once a clone has undergone hypermutation, its corresponding rule
antecedent is pruned by using the previously explained rule pruning procedure. Fi-
nally, the fitness of the clone is recomputed, using the current training set. In the
last step the T-worst fitness antibodies in the current population are replaced by the
T best-fitness clones out of all clones produced by the clonal selection procedure.
Finally, the clonal selection procedure returns the best evolved rule, which will then
be added to the set of discovered rules by the sequential covering. More details of
the IFRAIS is to be found in [2].

3 Buffered IFRAIS with Uniform Population

Both standard IFRAIS[2] as well as a buffered IFRAIS [8] create initial population
of fuzzy rules at random. Note that random initial population may be created in the
infeasible region, or all the rules in population may be in the nearest neighborhood
and far away from a solution, or search of solution may stick to a local solution and
we can not get rid of this local solution. Local solution in the task of classification is
the rules that have no agreeable generalization ability. In this study, creating initial
population is performed in a systematic way inspired by the uniform population
(UP) method [6].

Uniform population method distributes initial population over chromosomes
space uniformly and then solution point has at least one chromosome of d neigh-
borhood where d is a Hamming distance between solution point chromosome and
the nearest chromosome to solution chromosome. The Hamming distance between
two chromosomes is defined as the number of bit postions in which the two chro-
mosomes differ.

UP works as follows. Initially, a chromosome is randomly generated and it is
divided into r parts, where r is dividing factor and is determined by user or program.
There are 2r ways to take complement of one part or more than one part of r. So, it
is possible to get 2r − 1 chromosomes from one randomly generated chromosome.
When r = 1, then the inversion of a chromosome will be another individual in the
initial population. Let c = (x1,x2, . . . ,xn) be a randomly created chromosome, and xi

is ith gene of c. Then c1 = (x1,x2, . . . ,xn) is derivated chromosome from c for r = 1.
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If r = 2, then randomly created chromosome is divided into two equal parts. First,
the inversion of the first part is taken and this yields another chromosome. Taking
inversion of the second part will yield another chromosome, and inversion of all
genes of randomly generated chromosome is also another chromosome. For r = 2
we derive from chromosome c three additional chromosomes c1 = (x1,x2, . . . ,xn),
c2 =

(
x1,x2, . . . ,x�n/2�,x�n/2�+1, . . . ,xn

)
, c3 =

(
x1,x2, . . . ,x�n/2�,x�n/2�+1, . . . ,xn

)
.

For r = 3 a chromosome is divided into three equal parts and seven new chromo-
somes are generated according to the above rules. This method can also be applied
to all types of encoding such as binary encoding, floating point-based encoding,
string-based encoding [6]. In real-type encoding, a random number can be generated
in the half-open interval [0,1) and each gene complemented in the binary encoding
are multiplied by this random number.

In the IFRAIS approach searched fuzzy rule is composed of n genes, where each
gene corresponds to a condition containing one atrribute, and is partioned into three
fileds: value vi, equal or not equal operator oi, and Boolean flag fi. In such a case,
complemented gene is derivated by negation of the operator oi.

4 Experimental Results

In order to evaluate the performance of the speed boosting extensions, both a
buffered IFRAIS [8] with random initial population and improved IFRAIS by uni-
form initial population were applied to six public domain data sets available from the
UCI repository1. The experiments were conducted using a Distribution-Balanced
Stratified Cross-Validation [13], which is a one of the version of well-known k-fold
cross-validation, and improves the estimation quality by providing balanced intra-
class distributions when partitioning a data set into multiple folds.

Table 1 shows the number of rows, attributes, continuous attributes, and classes
for each data set. Note that only continuous attributes are fuzzified. The Votes data
set does not have any continuous attribute to be fuzzified, whereas the other data
sets have 6 or 9 continuous attributes that are fuzzified by IFRAIS. All experiments
were repeated 50-times using 5-fold cross-validation on a 2.80 GHz Pentium with
2.00 GB RAM. Both versions of IFRAIS were implemented in C# language un-
der .NET 3.5. Dividing factor r is equal to 3, initial population size of antibodies
equals 50.

Table 2 shows for each data set the average accuracy rate and the average time
of learning, both with standard deviations and difference between IFRAIS with ran-
dom initial population (RIP) and IFRAIS with unified population (UP). As shown
in Table 2 the IFRAIS improved by UP obtained comparable results as the stan-
dard version, but in considerably better time. For example, the time to achieve the
same accuracy rate for Bupa set (ca 58.4 %) is 7% less for the improved IFRAIS
(0.6859±0.0177) than the standard one (0.7388±0.0214 s). For the other data sets
the time needed for learning for IFRAIS with UP is between 5 - 10% better. Only

1 http://archive.ics.uci.edu/ml/datasets.html
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Table 1 Data sets and number of rows, attributes, continuous attributes, and classes

Data set #Rows #Attrib. #Cont. #Class.

Bupa1 345 6 6 2

Crx2 653 15 6 2

Hepatitis 80 19 6 2

Ljubljana3 277 9 9 2

Wisconsin4 683 9 9 2

Votes5 232 16 0 2

1 Bupa (Liver+Disorders).
2 Crx (Credit+Approval).
3 Ljubljana (Breast+Cancer).
4 Wisconsin (Breast+Cancer+Wisconsin+(Original)).
5 Votes (Congressional+Voting+Records).

Table 2 Accuracy rate and Learning Time on the test set for IFRAIS with random initial
population (RIP) and IFRAIS with uniform population (UP). δ denotes difference between
UP and RIP

Data set Accuracy Learning Time

RIP [%] UP [%] δ [%] RIP [%] UP [%] δ [%]

Bupa 58.46±0.74 58.43±0.69 0.04 0.7388±0.0214 0.6859±0.0177 7.15

Crx 86.05±0.21 86.05±0.19 0.00 1.8702±0.0750 1.7733±0.0529 5.18

Hepatitis 77.08±1.53 77.85±1.66 -1.01 0.4786±0.0209 0.4363±0.0199 8.84

Ljubljana 69.29±1.19 69.20±1.25 0.13 0.8053±0.0213 0.7123±0.0159 11.55

Wisconsin 94.85±0.28 94.93±0.35 -0.08 1.6608±0.0793 1.6869±0.0618 -1.58

Votes 96.98±0.00 96.98±0.00 0.00 0.3335±0.0042 0.3369±0.0046 -1.01

for two data sets with best accuracy rates (Votes and Wisconsin) learning time is
about 1% slower than for basic IFRAIS, but it may be considered as not significant
because it is included between deviation range.

Table 3 shows the minimal and maximal accuracy rate of both versions of IFRAIS
with difference between results achieved by those implementations. For most of
the data sets values of minimal and maximal accuracy rate are higher for improved
IFRAIS. It means higher probability that searched fuzzy rules receive higher quality.
For example minimal accuracy for Bupa set (50,72%) is 6% better than this rate
for basic implementation. So rules for Bupa set in worst case obtain accuracy rate
higher than 50% what is very important while using IFRAIS without repetition.
Because maximal accuracy for the same set didn’t change, the range of accuracy
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Table 3 Minimal i Maximal Accuracy rate on the test set for IFRAIS with random initial
population (RIP) and IFRAIS with uniform population (UP). δ denotes difference between
UP and RIP

Data set Minimal Accuracy Maximal Accuracy

RIP [%] UP [%] δ [%] RIP [%] UP [%] δ [%]

Bupa 47.83 50.72 6.06 65.22 65.22 0.00

Crx 83.21 83.21 0.00 88.46 88.46 0.00

Hepatitis 62.50 62.50 0.00 93.75 100 6.67

Ljubljana 60.00 58.93 -1.79 78.18 80.00 2.33

Wisconsin 91.18 92.70 1.67 97.08 97.08 0.00

Votes 93.48 93.48 0.00 100 100 0.00

results became smaller, what is very desirable for IFRAIS used as fitness function.
In such a case improved IFRAIS should give more stable results.

5 Conclusion

An AIS-based comprehensible fuzy rule mining that uses a efficient population
generation method has been presented. With the proposed method the randomness
in generating the initial population step in clonal selection has been removed and
promising time results have been obtained.

It seems to be still possible to improve mining fuzzy rules with Artificial Immune
Systems, considering not only time of working but also the effectiveness of the in-
duced fuzzy rules. It could be achieved mostly by modifying the fitness function
to reinforce the fitness of high-accuracy rules, as in [1]. We also consider changing
the triangular membership functions to various more sophisticated functions and
manipulating all system parameters to obtain higher quality results.
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Incremental Locally Linear Fuzzy Classifier 

Armin Eftekhari, Mojtaba Ahmadieh Khanesar, Mohamad Forouzanfar,  
and Mohammad Teshnehlab* 

Abstract. Optimizing the antecedent part of neuro-fuzzy system is investigated in 
a number of documents. Current approaches typically suffer from high computa-
tional complexity or lack of ability to extract knowledge from a given set of train-
ing data. In this paper, we introduce a novel incremental training algorithm for the 
class of neuro-fuzzy systems that are structured based on local linear classifiers. 
Linear discriminant analysis is utilized to transform the data into a space in which 
linear discriminancy of training samples is maximized. The neuro-fuzzy classifier 
is built in the transformed space, starting from the simplest form. In addition, rule 
consequent parameters are optimized using a local least square approach. 

1   Introduction 

Neuro-fuzzy system which benefits from both the computational power of neural 
network and logical power of fuzzy system is widely used in pattern recognition 
applications [1, 4, 13]. The performance of a neuro-fuzzy system is largely influ-
enced by structure learning which involves two major issues: (i) parameter tuning 
of the antecedent part, which provides us with the fuzzy partitioning of the input 
space. (ii) parameter tuning  of consequent part in which the parameters of conse-
quent functions are obtained. Each subspace together with its associated conse-
quent function is used to characterize a corresponding fuzzy rule. Generally, the 
local models (consequent functions) are chosen to be linear, which yields local li-
near model structures [2].  

Recently, neuro-fuzzy systems have found extensive applications in pattern 
recognition [2]. In this context, several techniques for deriving fuzzy rules from 
training data such as fuzzy clustering and partitioning based methods have been 
proposed. The fuzzy clustering based methods search the input space for clusters, 
which are then projected to each dimension of input space to gain fuzzy rules with 
better interpretability. This approach encompasses a variety of algorithms such as 
Kohonen learning rule, hyper-box method, product-space partitioning, and fuzzy 
C-mean method [3]. Examples of partitioning based methods are NEFCLASS and 
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NEFCAR, which start with large number of partitions and are then pruned to  
select the fuzzy rules [2, 4]. For a detailed discussion on neuro-fuzzy rule  
generation algorithms, the reader is referred to [15- 19]. 

This study proposes a novel incremental technique for structure optimization of 
local linear neuro-fuzzy classifiers. The proposed neuro-fuzzy classifier is built 
starting from the simplest form (a global linear classifier). If the overall perfor-
mance of the classifier was not satisfactory, it would be iteratively refined by in-
corporating additional local classifiers. Proposed refinement strategy is motivated 
by LOLIMOT, which is a greedy partition algorithm for structure training of local 
linear neuro-fuzzy models that determines the (sub) optimal partitioning of input 
space by axis-orthogonal splits [5] and has found extensive applications in identi-
fication problems due to fast implementation and high accuracy. Adoption of 
LOLIMOT algorithm to classification requires inevitable modifications. Conven-
tional LOLIMOT is restricted to axis-orthogonal splits and is unable of handling 
high dimensional data. We address these problems by employing a well-known 
statistical stage, namely linear discriminant analysis (LDA). Therefore, antecedent 
structure of neuro-fuzzy classifier is built in the transformed (and if needed re-
duced) input space by axis-orthogonal splits. Moreover, for proper adoption of 
LOLIMOT algorithm to classification, a novel interpretation of error is intro-
duced. Once the antecedent parameters are determined, rule consequent parame-
ters are efficiently estimated using a local least square approach. To assess the  
performance of the proposed method, results are compared with conventional 
classifiers (neural networks, linear Bayes, and quadratic Bayes), neuro-fuzzy clas-
sifiers (NEFCLASS and FuNe I), piecewise linear classifiers and decision trees 
(C4.5). Experimental results on several well-known datasets demonstrate that, in 
most cases, our algorithm outperforms state-of-art classifiers and significantly  
improves the classification results. 

2   Local Linear Neuro-Fuzzy Classifier 

A neuro-fuzzy system with multiple outputs can be realized either by a single 
SIMO or MIMO model or by a bank of SISO or MISO models. In the current 
study, the former approach is pursued as it often requires fewer neurons [5]. As-
sume a set of input/label pairs ሼܷ, ܻሽ where ܷ א Թ௣ൈଵ and ܻ א ሼ0,1ሽ௄ൈଵ. In the 
case of two-class problems, it is most convenient to use the binary representation, 
in which there is a single target variable ݕ א ሼ0,1ሽ such that ݕ ൌ 1 represents first 
class and ݕ ൌ 0 represents the other class. When facing a ܭ-class problem, it is of-
ten convenient to use a 1-of-ܭ coding scheme in which the label ܻ is a vector of 
length ܭ such that if the class is ܥ௝, then all elements of ܻ are zero except its ݆th 
element denoted by ሺܻሻ௝, which takes the value 1. The elements of label vector ܻ 
can be interpreted as posterior probabilities of corresponding classes, with the val-
ues of probability taking only the extreme values of 0 and 1. Therefore, we wish to 
predict discrete class labels, or more generally posterior probabilities that lie in the 
range ሺ0,1ሻ. This is achieved by introducing an activation function ݂ሺ·ሻ [20] to 
limit the output of the model so that it falls into ሺ0,1ሻ. The choice of activation 
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function is usually logistic sigmoid (ܭ ൌ 2 classes) or softmax (ܭ ൒ 2 classes). 
Decision is made by assigning each test sample to the class with maximum post-
erior probability. The network architecture of a neuro-fuzzy classifier structured 
based on local linear classifiers, is depicted in Fig. 1, where the rule antecedent 
inputs  ܼ א Թ௡௭ൈଵ  and the rule consequent inputs ܺ א Թ௡௫ൈଵ are subsets of the 
input samples ܷ. Each neuron ݅ ൌ 1, … , of the model realizes a fuzzy rule: ܴ௜ ܯ ൌ IF ሺܼሻଵ IS ܣ௜,ଵ AND … AND  ሺܼሻ௡௭ IS ܣ௜,௡௭ THEN ෠ܻ ൌ ௜ܹ୘ܺ (1) 

where ܣ௜,௝ is the ݆th fuzzy set defined on ݅th input and ௜ܹ א Թ௡௫ൈ௄. Each neuron 
or rule represents ܭ local linear classifiers (LLCs) and an associated validity 
(weighting) function that determines the region of validity of those LLCs. For a 
reasonable interpretation of local classifiers it is furthermore necessary that the va-
lidity functions sum up to one for any antecedent input ܼ. The output of the local 
linear neuro-fuzzy classifier would be: ෠ܻሺܷሻ ൌ ݂൫∑ ߮௜ሺܼሻ · ෠ܻ௜ሺܺሻெ௜ୀଵ ൯ ൌ ݂൫∑ ߮௜ሺܼሻ · ൫ ௜ܹ୘ܺ൯ெ௜ୀଵ ൯  (2) 

where ෠ܻ௜ denotes the output of local models and ߮௜ሺ·ሻ is interpreted as weighting 
function,  ݅ ൌ 1, … ,  Thus, the output of the model is obtained by applying ݂ሺ·ሻ .ܯ
to the weighted sum of the outputs of the LLCs. In other words, the model interpo-
lates between local models by weighting functions. In the following, the validity 
functions ߮௜ሺ·ሻ are chosen to be normalized Gaussians: ߮௜ሺܼሻ ൌ ఓ೔ሺ௓ሻ∑ ఓೕሺ௓ሻಾೕసభ , ௜ሺܼሻߤ ൌ exp ቀെభమሺܼ െ ௜ିߑ௜ሻ୘ܥ ଵሺܼ െ  ௜ሻቁ  (3)ܥ

where ܥ௜ א Թ௡௭ൈଵ is the center of ݅th membership function and ߑ௜ א Թ௡௭ൈ௡௭ is a 
diagonal matrix containing variances of individual dimensions, i.e. ߑ௜ ൌ
diag൛ߪ௜,ଵଶ , … , ௜,௡௭ଶߪ ൟ. Here, we will assume the most general case for ܺ and ܼ, where ܺ ൌ ܼ ൌ ܷ. It should be pointed out that in contrast to the models used for identi-
fication, discussed neuro-fuzzy classifier will be no longer linear in the consequent 
parameters due to the presence of ݂ሺ·ሻ. This will lead to more analytical and com-
putational complexities than for identification models. However, at the expense of 
losing the probabilistic point of view, we can omit the nonlinear activation func-
tion as in [7]. A test sample is then assigned to the class with maximum activation 
value and the classifier would be linear in consequent parameters. Optimization of 
rule antecedent structure and rule consequent parameters are discussed in the fol-
lowing sections. 

2.1   Rule Consequent Parameters 

Rule consequent parameters are interpreted as parameters of local classifiers. The 
neuro-fuzzy classifier presented by (2) is linear in consequent parameters, due to 
linearity assumption for activation function. Therefore, these parameters can be ef-
ficiently estimated from training patterns using a least square approach, provided 
the rule antecedent structure is given. Simultaneous optimization of all consequent 
parameters (global optimization), yields the best results in the sense of least mean 
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square error but involves extreme computational effort. Alternatively, we can use 
local estimation approach presented in [5], which neglects the overlap between the 
validity functions and estimates the parameters of each rule separately. This ap-
proach is computationally more efficient than global estimation. The cost, howev-
er, is the introduction of a bias error while on the other hand, the variance error 
(and the effect of over-fitting) is decreased and more robustness to noise is gained. 
In this paper, the local estimation approach is pursued and is described as follows. 
Instead of estimating all ܯ ൈ ܭ ൈ ሺ݌ ൅ 1ሻ consequent parameters simultaneously 
(as in global estimation), ܯ local estimations are carried out for the ܭ ൈ ሺ݌ ൅ 1ሻ 
parameters of each neuron. Note that the parameter matrix associated with ݅th 
LLC is ௜ܹ א Թሺ௣ାଵሻൈ௄ and that the contribution of ݅th LLC to the output vector ෠ܻ௜ሺܷሻ is ߮௜ሺܷሻ൫ ௜ܹ୘ܷ൯, ݅ ൌ 1, … ,  The contribution of ݅th LLC is dominant only .ܯ
in the region where the associated validity function ߮௜ሺ·ሻ  is close to one (which 
happens near the center of ߮௜ሺ·ሻ ). Training samples in this region are highly rele-
vant for the estimation of ௜ܹ. Therefore, local estimation of ௜ܹ can be achieved by 
performing the following weighted least square optimization: minௐ೔ ௜ܫ   where  ܫ௜ ൌ ∑ ߮௜൫ ௝ܷ൯ · ฮܻ൫ ௝ܷ൯ െ ෠ܻ൫ ௝ܷ൯ฮଶே௝ୀଵ  (4) 

where ௝ܷ denotes the ݆th input sample, ݆ ൌ 1, … , ܰ. This optimization is equiva-
lent to fitting a linear classifier to weighted training data. Let the target matrix ߓ א Թேൈ௄ , the regression matrix ܺ א Թேൈሺ௣ାଵሻ, and the weighting matrix ௜ܳ א Թேൈே be defined as follows: 

ߓ ൌ ሾ ଵܻ ଶܻ ڮ ேܻሿ୘, ܺ ൌ ێێۏ
1ۍ ଵܷ୘1 ܷଶ୘ڭ 1ڭ ܷே୘ۑۑے

ې , ௜ܳ ൌ ൦߮௜ሺ ଵܷሻ 0 ڮ 00 ߮௜ሺ ଶܷሻڮ ڭ0 ڭ ڰ 0ڭ 0  ௜ሺܷேሻ൪   (5)߮ڮ

Then, it can be simply verified that the optimum ௜ܹ א Թሺ௣ାଵሻൈ௄ that minimizes 
(4) is obtained as: 

௜ܹ  ൌ ሺܺ୘ܳ௜ܺሻିଵܺ୘ܳ௜(6)                                           ߓ 

2.2   Rule Antecedent Structure 

Training of the antecedent parameters is a nonlinear optimization task, which pro-
vides us with the proper partitioning of the input space. Two common strategies 
for antecedent structure optimization are clustering and partitioning based tech-
niques. In order to embed data-driven knowledge in a neuro-fuzzy system, cluster-
ing methods such as Fuzzy RuleNet [8] utilize cluster vectors extracted from the 
input dataset to initialize the centers of fuzzy rules. A learning algorithm is then 
applied to fine tune the rules based on the available training data. These approach-
es usually search for hyper-ellipsoidal or hyper-rectangular clusters in input space 
and are shown to produce rules which are hard to interpret. Partitioning based me-
thods such as NEFCLASS [4] divide the input space into finer regions by grid par-
titioning. Each partition is supposed to represent an If-Then rule. These rules are 
then pruned using some heuristics. Finally, membership functions are defined  
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using only best performing rules. In other words, NEFCLASS does not induce 
fuzzy classification rules by searching for clusters, but by modifying the fuzzy 
partitionings defined on each single dimension. Evidently, partition based ap-
proaches are computationally expensive [9]. 

3   Proposed Algorithm for Structure Optimization 

As discussed in subsection 2.1, tuning of the antecedent parameters of a neuro-
fuzzy system is a nonlinear optimization task. Optimization of consequent para-
meters by local least square approach was also discussed in Subsection 2.2. The 
proposed algorithm for structure optimization increases the complexity of the local 
linear neuro-fuzzy classifier during the training phase. Hence, it starts with a 
coarse partitioning of the input space, which is then refined by increasing the reso-
lution of the input space partitioning. The proposed algorithm is based on divide-
and-conquer principle. Our strategy for input space partitioning is motivated by 
LOLIMOT, which is a local linear neuro-fuzzy algorithm that uses axis-
orthogonal splits to avidly partition the input space. Computational complexity of 
LOLIMOT grows linearly with the number of neurons and cubically with the 
number of consequent parameters of each neuron. This level of computation com-
plexity is quite favorable [5]. As will be discussed shortly, adoption of LOLIMOT 
algorithm to classification requires inevitable modifications.  

One of the most severe restrictions of LOLIMOT is the axis-orthogonal parti-
tioning of the input space. This restriction, while being crucial for interpretation as 
a fuzzy system and for the development of an extremely efficient construction al-
gorithm, leads to the following shortcomings: (i) improper splitting of input space, 
which frequently happens when optimal partitioning of input space does not align 
with axis-orthogonal directions. In such cases, the nonlinearity of data in the orig-
inal input space does not stretch along the input space axes and hence LOLIMOT 
cannot efficiently determine proper input partitioning [10]. (ii) curse of dimensio-
nality, which often plagues fuzzy systems in real world applications. At each  
iteration, LOLIMOT tries all divisions of worst LLC to decide about further re-
finement so curse of dimensionality will be more prohibitive. Several techniques 
have been proposed to address these two drawbacks. For example, Nelles devel-
oped an axis-oblique decomposition algorithm, which suffers from computational 
concerns [10]. In addition, using different input spaces for rule antecedent and 
consequent was suggested in [5], which could result in the alleviation of computa-
tional efforts. Evidently, adoption of LOLIMOT to classification confronts the 
above shortcomings, especially when the discriminancy of classes is small in the 
original axes. We suggest using a computationally cheap, easy to implement sta-
tistical stage, namely LDA [3]. The basic concept of LDA is to seek for the most 
efficient projective directions which minimize the scattering of samples of the 
same class and maximize the distance of different classes.  In addition, LDA is  
capable of selecting the best linear combinations of input features for classifica-
tion and hence can be used for dimensionality reduction. Therefore, axis-
orthogonal partitioning of the transformed input space (building the structure in 
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the transformed space), often results in significant reduction in the complexity of 
antecedent structure, as well as computational cost.  

Another practical concern for adoption of LOLIMOT to classification is the er-
ror interpretation. Training of local linear models in a LOLIMOT system is 
achieved by minimizing the local loss function defined in (4). This loss function is 
also used for comparison of local models. In this paper, a novel interpretation of 
error is introduced. While the loss function of (4) is used to train the LLCs, we 
suggest using a different error index for comparison of LLCs, which is based on 
percentage error rather than ݈ଶ-norm (ԡ·ԡଶ) of the classification error. The percen-
tage error resembles the ݈ଵ-norm of error (ԡ·ԡଵ), which is shown to gain better 
classification results than ݈ଶ-norm of error [11]. Through our experiments, it was 
found that this interpretation of error improves the classification results.  

Finally, note that the standard deviation of validity functions is 1 3⁄  of the 
length of hyper-rectangle in each dimension [5]. The proposed algorithm can be 
summarized as follows:  

 
1. Finding the most discriminative basis: apply LDA in order to find the most 

discriminative basis. If needed, dimension reduction is also realized in this 
step by keeping only the most discriminative features in the new basis. The 
antecedent structure is built in this transformed space. 

2. Start with an initial model: use any prior knowledge to construct the validity 
functions in the transformed initial input space partitioning. If no input space 
partitioning is available a priori, then set ܯ ൌ 1 and start with a single LLC. 

3. Compare LLCs to find the worst LLC: use the following equation to calculate 
the error index ݈ for all LLCs, in which each misclassified pattern is assigned 
to the LLC with largest degree of validity. Then, the LLC with maximum er-
ror index ݈ is selected as the worst performing, which is denoted by LLCb. ݈௜ ൌ ே൫ௌ೔,೐൯ேሺௌ೔ሻ   where       ௜ܵ ൌ ൛ܷห߮௜ሺܷሻ ൐ ߮௝ሺܷሻ for ݆ ് ݅ ൟ    ௜ܵ,௘ ൌ ሼܷ|ܷ א ௜ܵ AND ܷ is misclassifiedሽ   (7) 

where, ܰሺߦሻ denotes the number of elements of vector ߦ. 
4. Check all divisions of worst LLC: consider the LLCb for further refinement. 

The hyper-rectangle of this LLC is partitioned into two halves with an axis-
orthogonal split. Divisions in all dimensions are considered. For each of the ݌ 
divisions, the following steps are taken.  
 

a. Construct the membership functions for both hyper-rectangles. 
b. Construct all validity functions. 
c. For both newly generated LLCs, weigh the training samples with corres-

ponding validity functions and fit a linear classifier to these weighted 
samples by minimizing local loss function defined in (6) (local optimiza-
tion of the rule consequent parameters for both newly generated LLCs).  

d. Calculation of the overall error index ݈ ൌ ∑ ݈௜ெ௜ୀଵ  for the current model 
using (7). 
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5. Find the best division: select the best of the ݌ alternatives checked in Step 4. 
The validity functions constructed in Step 4a and the LLCs optimized in Step 
4c are included in the classifier. The number of LLCs is increased by one. 

6. Test for convergence: if the termination criterion (e.g. convergence of per-
formance) is not met, go to Step 2. 

Fig. 2 depicts the partitioning of input space obtained by applying our algorithm to 
Iris dataset, which is a multivariate dataset consisting of 50 samples from three 
species of Iris flowers. By applying principal component analysis, number of fea-
tures was reduced to two (for better visualization) and one half of samples were 
randomly selected for training. Note that the splitting directions are not axis-
orthogonal, but are selected to maximize the linear discriminancy of training sam-
ples. Each rectangle shows the validity region of corresponding LLC. 

4   Experiments 

This section presents the classification results of the proposed method on several 
well-known datasets. The error rates of the proposed classifier are compared to 
that of a number of existing pattern classification algorithms. To this end, four da-
tasets from ELENA [21] project, namely Iris_CR, Phoneme_CR, Satimage_CR, 
and Texture_CR and two datasets from UCI machine learning repository [22], 
namely Wisconsin breast cancer and Sonar are selected. ELENA project and UCI 
machine learning repository are resources of databases for testing and benchmark-
ing pattern classification algorithms. The CR affix in the names of datasets from 
ELENA project indicates that the dataset is initially preprocessed by a normaliza-
tion routine to center each feature and enforce unit variance. In our experiments on 
these datasets, we follow a similar technique to [12]. First, each dataset is parti-
tioned into two equal random sets: one for training and the other for test phase. 
Then, the roles of two halves are reversed. To achieve more accurate results, expe-
riments are performed 20 times and the average error rate is reported.  

4.1   Comparison with Conventional Classifiers 

Table 1 lists average classification error rates of the proposed algorithm and of 
some conventional classifiers, namely neural network, linear Bayes, and quadratic 
Bayes on several datasets, as reported in [12]. In [12], each classifier has been rea-
sonably optimized with regards to parameter settings and available features. In ad-
dition, an earnest effort was made to optimize each individual classifier with  
respect to selecting good values for the parameters which govern its performance. 
Moreover, feature selection techniques have been applied to feed each classifier 
with best features. Results indicate that the proposed simple local linear fuzzy 
classifier can be quite successful compared to these conventional classifiers. Note 
that the proposed algorithm achieves better results than the neural network  
classifier which can be assumed as a close relative of the proposed algorithm. 
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Table 1 Error rates in percentage for conventional and proposed classifiers on several 
datasets. The best results are highlighted in boldface 

 Datasets 
 Iris_CR Satimage_CR Texture_CR Phoneme_CR 

Neural network 4.67 16.02 5.15 20.79 
Linear Bayes 2.67 16.69 2.58 27.00 
Quadratic Bayes 4.67 14.22 0.96 24.59 
Proposed classifier 2.33 13.54 2.80 23.15 

 
 

4.2   Comparison with Piecewise Linear Classifiers 

Piecewise linear classifiers aim at approximating complex decision boundaries 
with piecewise linear functions. Recently, Kostin presented a simple and fast 
piecewise linear classifier which demonstrated comparable (even superior in 
many cases) results with many well-known benchmark classifiers [13]. The mo-
tivation for this experiment is the similarities of our classifier and this family of 
classifiers. The average classification error rates for two methods are listed in 
Table 2. 

Table 2 Error rates for piecewise linear classifier [6], C4.5 decision tree [14] and proposed 
classifier on several datasets. The best results are highlighted in boldface 

 Datasets
 Iris_CR Satimage_CR Texture_CR Phoneme_CR BCW Sonar 

Piecewise linear 3.34 13.90 4.90 17.85 4.80 19.70 
C4.5 7.33 16.50 11.91 16.08 5.26 25.60 

Proposed clas-
sifier 2.33 13.54 2.80 23.15 2.84 10.71 

Fig. 1 Local linear neuro-fuzzy classifier Fig. 2 Operation of proposed algorithm on 
Iris dataset 
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4.3   Comparison with Decision Tree Classifiers 

Due to the same essence and characteristics, comparison of our proposed classifier 
and decision tree classifiers is inevitable. Here, we compare our method with C4.5 
which is a well-known decision tree classifier [14]. Table 2 lists average classifi-
cation error rates of our proposed method as well as C4.5 classifier. 

5   Conclusions 

In this study, a simple and computationally efficient local linear neuro-fuzzy clas-
sifier has been introduced, implemented and tested on a number of well-known 
datasets. The structure of the antecedent part is obtained during the training phase 
and is data driven rather than knowledge based. Input space is first transformed by 
LDA, so that the linear discriminancy of training samples is maximized. The ante-
cedent structure is then built in the transformed space by axis-orthogonal splits. At 
each iteration, the local linear fuzzy classifier with the worst error index is split in-
to two new rules which are then included in the classifier. In addition, the rule 
consequent parameters are optimized using a local least square approach. The 
simplicity and speed are the main advantages of the proposed classifier. Together 
with high performance, this classifier is a good choice for many applications in 
which the use of more sophisticated classifiers can be impractical. 
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On Criticality of Paths in Networks with Imprecise 
Durations and Generalized Precedence Relations 

Siamak Haji Yakhchali, Seyed Hassan Ghodsypour, 
and Seyed Mohamad Taghi Fatemi Ghomi* 

Abstract. This research deals with problems of the criticality of paths in networks 
with generalized precedence relations (GPRs) and imprecise activity and time lag du-
rations, represented by means of interval or fuzzy numbers. So far, these problems 
have been considered when networks have classical finish-start precedence relations 
by several authors. However, in practice it is often necessary to specify other than the 
finish-start precedence relations. Proposed theorems ascertain whether a given path is 
necessarily critical, possibly critical or necessarily non-critical in interval-valued net-
works with GPRs. The results are extended to networks with fuzzy activity and time 
lag durations and novel linear programming models are proposed to calculate the de-
gree of necessity and possibility that a given path is critical. 

1   Introduction 

The Critical Path Method (CPM) [10] is devoted to minimizing the makespan of a 
project. Finish-start relations with zero time lag durations between activities was 
assumed in CPM. Over the years, this assumption has been relaxed. The resulting 
types of precedence relations will be referred to generalized precedence relations 
(GPRs) [8]. GPRs consist of four different types: start-start (SS), start-finish (SF), 
finish-start (FS) and finish-finish (FF). GPRs can specify a minimal or a maximal 
time lag between a pair of activities. A minimal time lag states that an activity can 
only start (finish) when the predecessor activity has already started (finished) for a 
certain time period. A maximal time lag specifies that an activity should be started 
(finished) at the latest, within a certain number of time periods beyond the start 
(finish) of another activity. GPRs can be used to model a wide variety of specific 
problem characteristics, including: activity ready times and deadlines, activities 
that have to start or terminate simultaneously, non-delay execution of activities, 
mandatory activities overlaps, fixed activity start times, set-up times and etc [5]. 

However in the real world, the activity and time lag duration are usually diffi-
cult to estimate precisely. In these situations, the fuzzy set scheduling literature 
recommends the use of fuzzy numbers for modeling activity duration. Fuzzy  
critical path methods have been proposed since the late 1970s (e.g. [12]). Forward 
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recursion, comparable to the one used in classical CPM, could determine the pos-
sible values of the earliest starting times but backward recursion fails to compute 
the possible values of the latest starting times. Several authors tried to cope with 
this problem. Zielinski [20] has determined the possible values of the latest start-
ing times of activities by proposing polynomial algorithms. Dubois et al. [6] have 
proposed an algorithm based on path enumeration to compute optimal intervals for 
latest starting times and floats. Fortin et al. [9] have provided a solution to the 
problem of finding the maximal floats of activities and Yakhchali and Ghodsypour 
[15] have proposed a hybrid genetic algorithm for the problem of finding the  
minimal float of an activity.  

The criticality concept in networks with interval (fuzzy) activities durations is a 
more realistic approach than the traditional ones. Instead of being critical or not, 
the activities or paths that are for sure critical despite uncertainty, is called neces-
sarily critical, those that are for sure not critical is called necessarily noncritical 
and those whose criticality is unknown, called possibly critical [2]. The problems 
of the necessarily and possibly critical paths in the networks with imprecise activ-
ity and time lag durations have been discussed by Yakhchali et al. [13], [14]. 

More recent research has been directed at relaxing both of deterministic activity 
and time lag durations and strict finish-start precedence relations. Yakhchali and 
Ghodsypour have solved the problem of determining the possible value of the lat-
est starting time of an activity in acyclic networks [16] and cyclic networks [17] 
with GPRs and imprecise durations. They suggested an algorithm for computing 
both the possible values of the latest starting times and the floats of all activities in 
these networks [18]. Although temporal analysis in networks with imprecise dura-
tions and generalized precedence relations was discussed, the criticality of paths in 
such networks was not addressed in the literature thus far. So, the criticality analy-
sis carried out on the basis of general precedence relations and imprecise durations 
was incomplete. In the following, the criticality of paths in the network with inter-
val and fuzzy durations under generalized precedence relation is provided. 

2   Terminology and Representation 

The project scheduling problems to be dealt with throughout this paper can be stated 
as follows. A set V={1,2, …, n} of activities has to be executed whereactivity dura-
tions i∈ V are chosen from intervals ],[ iii ddD = , 0d i ≥ . Thenon-preemptable  

activities are numbered from 1 to n, where the dummy activities 1 and n represent 
the beginning and the termination of the project, respectively. Activities can be rep-
resented by an activity-on-node (AON) network G=<V, E > with node set V, arc set 
E. The arc set or generalized precedence relations, E,consist of minimal or maximal 
time lag. If between two activities i and j aminimal or maximal time lag is pre-
scribed, we introduce an arc (i, j) fromnode i to node j weighted by an interval num-

ber which have theforms: max
ijij

min
iji SSssSSs +≤≤+ , max

ijij
min

iji SFsfSFs +≤≤+ , 

max
ijij

min
iji FSfsFSf +≤≤+  and max

ijij
min

iji FFffFFf +≤≤+  where the start of an 
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activity is given by is and its finishing time denoted by if . min
ijSS  represents a 

minimal time lag between the start time of activity i and the start time of activity j 

and the value of min
ijSS  are chosen from intervals ][

min
ij

min
ij

min
ij ss,ssSS = . Analogously 

max
ijSS ,…, max

ijFF  as well as min
ijSS  are defined. 

The various time lags can be represented in a standardized form by transform-
ing them to, for instance, minimal SS precedence relation, using the transforma-
tion rules. The transformation rules for the network G with interval activity and 
time lag durations were proposed by Yakhchali and Ghodsypour [17], [18]. In this 
way, all GPRs are consolidated in the expression jiji sLs ≤+ . The minimum time 

lag, denoted by ],[ ijijij llL = , i, j∈ V, implies that j can start ijl which is chosen 

from intervals ],[ ijij ll  units of time after the start of i at the earliest. 

The notation of configuration denoted by Ω  has been defined to relate the in-
terval case to the deterministic case of classical CPM problems. A configuration is 
a tuple of time lag durations, ( ij12 l,...,l ), such that Ej,i ∈∀ )( , ijij Ll ∈ . For a con-

figuration Ω , )( Ωijl  will denote the duration of time lag (i, j). Let ω  be the set of 

possible configurations of time lag durations. 
It should be noted that the network, G, may contain cycles. A path tlks i,...,i,i,i  

is called a cycle if ts = . “Path” and “cycle” mean a directed path and cycle, re-
spectively. A path is called a real path if it does not contain any cycle and simi-
larly a path is called a fictitious path if it contains a cycle or cycles. It is obvious 
that an activity appear only one time in a real path.  

The length of a path in a standardized network, denoted by )(ΩpW , is defined 

as the sum of all the time lags associated with the arcs belonging to that path. A 
positive path length from a node to itself indicates the existence of a cycle of posi-
tive length, and consequently, the non-existence of a time feasible schedule. So, 
the network, G, is feasible if there exists a feasible schedule of the activities. Oth-
erwise, the activity network is infeasible. 

Let us denote the set of all paths in G from node “1”to “n” by P. For a path, 
Pp ∈ , we define two configurations. The pessimistic configuration induced by p, 

denoted by +Ω p , is a configuration ω∈Ω+
p  such that: 

⎪⎩

⎪
⎨
⎧

∉
∈

=Ω+
pj,il

pj,il
l

ij

ij
pij )(for

)(for
)(                                               (1) 

Similarly −Ω p , called the optimistic configuration induced by p, is defined as for-

mula (2). 

⎪⎩

⎪
⎨
⎧

∉

∈
=Ω−

pj,il

pj,il
l

ij

ij
pij )(for

)(for
)(                                              (2) 
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3   Necessary Criticality in Interval Networks with GPRs 

An activity is necessarily critical in G if and only if its maximal float is null [6]. 
The problem of evaluating the necessary criticality of a given activity Vk ∈  in the 
interval network with GPRs completely has been solved [19].  

Let us consider the problem of ascertaining the necessary criticality of a given 
path in the network G, which did not discuss in the literature. Theorem 1 provides 
necessary and sufficient conditions for determining the necessary criticality of 

Pp ∈ . 

Theorem 1. A path Pp ∈  is necessarily critical in the network G if and only if it 

is critical in the usual sense in −Ω p , the optimistic configuration induced by p.  

Proof: The only if direction (⇒): Let Pp ∈  be necessarily critical path in G. From 
necessary criticality of p, it follows that for each configuration, ω∈Ω∀ , p is criti-

cal in the usual sense. 

The if direction (⇐): We must show that for each configurations, the path p is the 

longest path in the network G. Assume on the contrary that there exists a configu-

ration, ω∈Ω' , such that )( 'Wp Ω  )( 'W 'p Ω<  where P'p ∈ . It means that p is not 

critical in 'Ω  so p is not necessary critical. According to the definition of −Ω p , we 

know that the length of p in −Ω p  is less than or equal to its length in other configu-

rations, thus )()( 'WW ppp Ω≤Ω− . Consequently, we have )()( −− Ω<Ω p'ppp WW . This 

fact contradicts that p is critical in the usual sense in −Ω p . Hence, p is necessary 

critical.           

Theorem 1 reduces the number of possible configurations to the configuration 
−Ω p . Thus the problem of ascertaining if a given path Pp ∈  is necessary critical-

ity reduces to applying the classical GPRs methods, like Floyd-Warshall algorithm 

[11] (time complexity )(| 3|VO ) and Modified Label Correcting algorithm [1] 

(time complexity )(| |E||VO ) for the configuration −Ω p . 

Note that in the case of p is not critical in the usual sense in −Ω p , it is impossi-

ble to judge its type of criticality, i.e. p may be the possibly critical path or the 
necessarily non-critical path. This topic discusses in the next section. 

4   Possible Criticality in Interval Networks with GPRs 

This section deals with the problems related to possible criticality in the network 
G. An activity k∈ V is possibly critical in G if and only if its minimal float is null  
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[6]. Unfortunately the problem of ascertaining the possibly critical activity in a 
network with interval activity durations and classical precedence relations is 
strongly NP-complete [4]. Thus it may be concluded that the problem of ascertain-
ing the possibly critical activity in the network with interval activity and time lag 
durations and GPRs is at least as hard, if not harder than, the same problem in the 
network with classical precedence relations. Accordingly, we focus on the prob-
lem of ascertaining the possibly critical path. 

4.1   Necessarily Non-critical Path 

Let us consider the problem of ascertaining the necessary non-criticality of a given 
path in the network G, before possibly critical path. Theorem 2 gives necessary 
and sufficient conditions for ascertaining the necessary non-criticality of Pp ∈  in 
the network G. 

Theorem 2. A path Pp ∈  is necessarily non-critical in the network G if and only 

if it is not critical in the usual sense in +Ω p , the pessimistic configuration induced 

by p.  

Proof: The only if direction (⇒): Let Pp ∈  be necessarily non-critical path in G. 
From necessary non-criticality of p, it follows that for each configuration, ω∈Ω∀ , 

p is not critical in the usual sense. Thus p is not critical in the usual sense in +Ω p . 

The if direction (⇐): We conduct an indirect proof. Let us assume that there 
exists a configuration ω∈Ω'  such that the given path p is critical in this  
configuration, 'Ω .  

Thus, the of p in 'Ω  is greater than or equal to the length of each path, i.e. 
)()( 'W'W 'pp Ω≥Ω , P'p ∈ . If we increase the time lag durations )( 'lij Ω  to ijl  of all 

pji ∈),(  and decrease the time lag durations  )( 'lij Ω  to ijl  of all pji ∉),( , the 

path p will remain the longest path in G for this new configuration or the pessimis-

tic configuration induced by p, +Ω p . Consequently, we have )()( ++ Ω≥Ω p'ppp WW . 

This fact contradicts that p is not critical in the usual sense in +Ω p . Hence, p is ne-

cessary non-critical.                                                                                                  

According to Theorem 2, the problem of ascertaining the given path is necessarily 
non-critical reduces to applying the Floyd-Warshall or Modified Label Correcting 

algorithm, for the configuration +Ω p . 

4.2   Possibly Critical Path 

Theorem 3 provides necessary and sufficient conditions for establishing the possi-
ble criticality of a given path Pp ∈  in the network G. 
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Theorem 3. A path Pp ∈  is possibly critical in the network G if and only if it is 

not critical in −Ω p  and it is critical in +Ω p , in the usual sense. 

Proof: The only if direction (⇒): Straightforward. Based on the definition of a 
possibly critical path, there exist a configuration, ω∈Ω' , which p is critical in it 

and also a configuration, ω∈Ω '' , that p is non-critical in it. The length of p in +Ω p  

is greater than or equal to its length in 'Ω  and the length of other paths in +Ω p  is 

less than or equal to their length in 'Ω , so p is critical in +Ω p . In the similar man-

ner, p is not critical in −Ω p . 

The if direction (⇐): This fact deduces directly from the definition of a possi-

bly critical path. Since there exist the pessimistic configuration induced by p, +Ω p , 

in which p is critical and the optimistic configuration induced by p, −Ω p , in which 

p is non critical.                                                                                                        

From Theorem 3 it follows that the running time of the problem of ascertaining 
the given path is possibly critical is )(| |E||VO , the running time of Modified La-

bel Correcting algorithm. 

5   Criticality in Networks with Fuzzy Durations and GPRs 

All the elements of the network G are the same as in the interval case except for 
the activity and time lag durations which are determined by means of fuzzy 
numbers. Fuzzy numbers express uncertainty connected with the ill-known ac-
tivity and time lag durations modeled by these numbers which generate possibil-
ity distributions for the sets of values containing the unknown activity and time 
lag durations. iD

~
 will represent the fuzzy number related to the possible dura-

tion of i, Vi ∈  and min
ijS

~
S  denotes the fuzzy number that contains possible value 

of the minimal time lag between the start time of activity i and the start time of 

activity j (similar definition apply for max
ijS

~
S ,…). Intuitively, when the durations 

are fuzzy numbers, the starting time of an activity i, is
~ , and its finishing time, 

if
~

, become fuzzy numbers. The standardized form of the network with fuzzy 

GPRs can be obtained by proposed transformation rules [17]. In this way, all 
Fuzzy GPRs are consolidated in the expression jiji s~L

~
s~ ≤⊕ , where ijL

~
 is the 

fuzzy number. 
Let Ω  be a configuration of time lag durations in the standardized network. 

Thus, the (joint) possibility distribution over configurations, denoted by ( )Ωπ , is 
determined by )()( )( ijL

~Ej,i lmin
ij

μπ ∈=Ω . Hence, the degree of necessity and possi-

bility that a path, Pp ∈ , is critical [3], [2]. 
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}Gp|sup{)(sup)p(Poss
p:

λλπ in  criticalpossibily  is critical is 
 critical is 

=Ω=
ΩΩ

         (3) 

}Gp|sup{)(sup1)p(Nec 1

p:

λλπ −

ΩΩ
=Ω−= in  criticaly necessaril is critical is 

in  criticalnot  is 
(4) 

)p(Poss1)p(Nec critical is lnoncritica is −=                                                              (5) 

where λG  denotes the cut−λ of the network G, i.e., the network G with the inter-

val durations ][ λλλ
ijijij l,ll

~
= , Ej,i ∈)( .  

Based on the above formulas, the main difficulty is interval valued case instead 
of lying in the introduction of fuzzy sets which are represented ill-know durations. 
Thus, the idea of bisection of the unit interval of possible values of λ  can be ap-
plied to determine the above quantities (see [2] and [3]). 

Another effective method for determining the degree of possibility and neces-
sity that a path is critical is based on linear programming which is valid under cer-
tain assumption about membership functions of fuzzy durations. Before we pass 
on to the basic consideration let us recall the notion of a fuzzy number of the L-R. 
A fuzzy number A

~
 is called a fuzzy number of the L-R type if its membership 

function 
A
~μ  has the following form: 

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

>−

<−
=

=

,ax),
ax

(R

ax),
xa

(L

a,ax1

)x(
A
~

A

A

for 

,for 

],[for         

β

α
μ                                             (6) 

where L and R are continuous nonincreasing functions, defined on ),[ +∞0 , strictly 
decreasing to zero in those subintervals of interval ),[ +∞0  in which they are posi-
tive, and fulfilling the conditions L(0)=R(0)=1. The parameters Aα  and Aβ  are 

nonnegative real numbers. The fuzzy number of L-R type is denoted by 

RLAA ),,a,a(A −= βα  [7]. For a fuzzy number A
~

of L-R type λλ A
~

cut− , ]( 1,0∈λ , 

has the form of ][ A
1

A
1 )(Ra,)(LaA

~ βλαλλ −− +−=  where 1−L (similarly 1−R ) de-

notes the reverse function to L in this part of its domain in which it is positive.  
Assume that the membership function of the time lag durations in standardized 

form G is given by means of fuzzy number of the L-R type, in which the left shape 
function is equal to the right shape function and additionally the left shape func-
tion, L, is the same for all durations. In this case cuts−λ  of a fuzzy time lag ijL

~
, 

]10( ,∈λ , have the form ]))[][ i
1

iji
1

ijijijij (Ll,(Lll,lL
~ βλαλλλλ −− +−== .  

Assume that )(L 1 λθ −=  to developed the linear model by giving the advantage 

of the fact that function )y(L 1− is decreasing in the [0, 1] interval. Thus, time lag 
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interval durations in the network λG  for a fixed ]( 1,0∈λ  is equal 

][][ θβθαλλλ
ijijijijijijij l,ll,lL

~ +−== . 

a) Calculating the Degree of Necessity That a Path Is Critical: Based on Theo-

rem 1, a path Pp ∈  is necessarily critical in λ−1G  can be express as the follow-

ing equalities and inequalities: 

pj,iEj,isls jijiji ∉∈∀≤++ )(such that )(   θβ  

pj,iEj,isls jijiji ∈∈∀=−+ )(such that )(   θα  

0s1 = , 

Vi,0si ∈∀≥                                                                                                     (7) 

If the above model has a solution, p is necessarily critical in λ−1G . Hence, the fol-
lowing linear programming model calculates the necessity degree of criticality of 
p, critical) is ( pNec .  

}{ ∑
∈

−
Vi

isMaximize θ , 

pj,iEj,isls jijiji ∉∈∀≤++ )(such that )(   θβ  

pj,iEj,isls jijiji ∈∈∀=−+ )(such that )(   θα  

0s1 = , 

Vi,0si ∈∀≥  

θθθ <≤ .                                                                                                           (8) 

where )1(L 1−=θ , )0(L 1−=θ . Thus, )(critical) is ( θL1pNec −= . 

As far as the linear programming model is concerned, the term }{∑ isimizemin  

in objective function is need because without this term linear programming model 
give earliest starting times for activities that belong to the given path other activi-
ties obtain a starting time which is not same as earliest starting time. 

b) Calculating the Degree of Possibility That a Path Is Critical: According to 

Theorem 2-3, a path Pp ∈  is possibly critical in λG  can be express as the follow-
ing equalities and inequalities: 

pj,iEj,isls jijiji ∉∈∀≤−+ )(such that )(   θα  

pj,iEj,isls jijiji ∈∈∀=++ )(such that )(   θβ  

0s1 = , 

Vi,0si ∈∀≥                                                                                                     (9) 

If the above model has a solution, p is possibly critical in λG . Hence, the follow-
ing linear programming model calculates the degree of possibility that a path is 
critical, critical) is ( pPoss . 
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}{ ∑
∈

+
Vi

isMinimize θ , 

pj,iEj,isls jijiji ∉∈∀≤−+ )(such that )(   θα  

pj,iEj,isls jijiji ∈∈∀=++ )(such that )(   θβ  

0s1 = , 

Vi,0si ∈∀≥  

θθθ <≤ .                                                                                                         (10) 

where )1(L 1−=θ , )0(L 1−=θ .  

Thus, )(critical) is ( θLpPoss =  and )(l)noncritica is ec( θL1pN −= . 

6   Conclusions 

The project scheduling in networks with imprecise activities durations, which are 
represented by means of interval or fuzzy numbers, is a more realistic approach 
than the traditional approaches with crisp or stochastic activity durations. This ap-
proach partially destroys the usual critical path analysis, instead of being critical 
or not, the activities or paths that are necessarily critical, necessarily non-critical 
and possibly critical, thus the traditional critical path analysis is not robust.  The 
proposed theorems determine whether a given path is necessarily critical, possibly 
critical or necessarily non-critical in interval-valued activity networks with gener-
alized precedence relations which in addition to the common finish-start type of 
precedence constraints may specify arbitrary minimal and maximal time lags be-
tween the starting and completion times of the activities.  

We have also shown how to calculate the path degree of possible criticality and 
necessary criticality based on linear programming which is true only for fuzzy ac-
tivity and time lag durations determined by means of fuzzy number of the same L-
L type. 
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Parallel Genetic Algorithm Approach to
Automated Discovery of Hierarchical
Production Rules

K.K. Bharadwaj and Saroj

Abstract. It is important to discover hierarchical decision rules from databases
because much of the world’s knowledge is best expressed in the form of hierar-
chies. Mining of decision rules at multiple concept levels leads to discovery of more
informative and comprehensible knowledge. This paper proposes automated dis-
covery of Hierarchical Production Rules (HPR) using a parallel genetic algorithm
approach. A combination of degree of subsumption and coefficient of similarity
has been used as a quantitative measure of hierarchical relationship among the
classes. An island/deme GA is designed to evolve HPRs for the classes of the
dataset being mined. The island model exploits control as well as data parallelism.
The model is applied to a synthetic dataset on means of transport and results are
presented.

1 Introduction

Knowledge Discovery in Databases (KDD) is defined as the non-trivial process of
identifying valid, novel, potentially useful and ultimately understandable patterns
in data [9]. Discovering meaningful and comprehensible knowledge has been of
prime concern to the research community in the field of data mining. The Pro-
duction Rules (PRs) If< Premise >Then< Decision > have been the most common
representation for the discovery of decision rules. PRs ignore exceptions as noise
and these are not capable of exhibiting variable precision logic. Moreover, PRs
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discover knowledge at a single conceptual level fragmenting the knowledge into
large number of rules. Mining of rules at multiple concept levels leads to discovery
of more comprehensible and refined knowledge. Hierarchies allow us to manage the
complexity of knowledge and to view the knowledge at different levels of details.
Automatic generation of hierarchies as a post processing step has been effective to
reduce the size of rule set, thereby, increasing the comprehensibility considerably
[11]. In the recent past, on one hand researchers have focused on the discovery of
exceptions on the other hand there has been various efforts to discover decision rules
in hierarchical form [1][3][4][13][14]. This paper proposes automated discovery of
Hierarchical Production Rules (HPRs) using a Parallel Genetic Algorithm (PGA)
approach. The PGA discovers HPRs which keep track of the general and specific
information of the decision class under consideration. A sequential evolutionary
approach for the discovery of HPRs has already been given [4]. This approach is
not sufficient for the voluminous datasets containing large number of classes where
search space for the discovery of hierarchical rules is far too large to be handled by
simple genetic algorithm. In this paper we have suggested a parallel GA which is
more efficient and scalable. Moreover, this work modifies the fitness function used
in [4] by including coefficient of similarity in addition to degree of subsumption to
measure the goodness of hierarchies.

The rest of this paper is organized as follows. Section 2 introduces the necessary
background details. Section 3 presents the design of the GA in detail. It explains
the encoding, fitness function, the operators used and the scheme for paralleliza-
tion. Section 4 illustrates the experimental set up and results. Section 5 gives the
conclusions and scope for the future research.

2 Hierarchical Production Rules

Bharadwaj and Jain[5] have introduced a concept of Hierarchical Censored Produc-
tion Rules (HCPRs) which is a Censored Production Rule (CPR) [12] augmented
with specificity and generality information. A HCPR can be used to exhibit variable
precision logic in reasoning such that both the certainty of belief in a conclusion and
its specificity may be controlled by reasoning process[5][6]. A HCPR is represented
as below:

Decision class If [condition(s)] Unless[censor(s)/Exception(s)]
Generality [general info]
Specificity [specific information]

This paper considers the discovery of HPRs having the generality and specificity
parts of a HCPR, and leaving out the ’Unless’ part. HCPRs allow only crisp hierar-
chy. In addition, we have included the possibility of hierarchies where the general
and specific classes share quite some number of properties but neither is a proper
subset of the other. A combination of degree of subsumption and coefficient of
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similarity has been used to measure the hierarchical relationship among the classes.
A typical HPR is given below:

D1 If [Premise]
Generality[D2(0.8, 0.66)] Specificity[D3(0.8, 0.56), D5(0.75, 0.71)]

The numbers in the braces show the degree of subsumption and coefficient of simi-
larity respectively of the class D1 with the general class D2 and the specific classes
D3 and D5.

2.1 Subsumption Relation

The defining properties of a class Dk are the distinct attributes with coverage greater
than a user defined threshold (0.6 to 1.0). Let PDk and PDs be the sets of defining
properties of classes Dk and Ds. The degree of subsumption between two classes Dk
and Ds is defined below:

x =
( |PDk

(i)∧Dk |
|Dk|

)
y =

( |PDs ( j)∧Ds|
|Ds|

)

subsume
(
PDk (i) ,PDs ( j)

)
= 1 if(x ≤ y)and (i = j)

subsume
(
PDk (i) ,PDs ( j)

)
= y if(x > y)and (i = j)

subsume
(
PDk (i) ,PDs ( j)

)
= 0 if(i �= j)

degreesub(Dk,Ds) = ∑
|PDk

|
1 ∑

|PDs |
1

subsume(PDk
(i), PDs ( j))

|PDk
|

2.2 Coefficient of Similarity

A coefficient of similarity of attributes between two classes Dk and Ds is defined on
the basis of a 2×2 contingency table as shown below:

Table 1 contingency table for PDk and PDs

PDk → Observed Not observed
PDs ↓
Observed a b
Not Observed c d

χ2 = N(ad−bc)2

M
N = a + b+ c +d M = (a +b)(c +d)(a + c)(b + d)

S =
√

χ2

N(k−1)
N is the total number of attributes present, k is the degree of freedom and in a 2× 2
table, k=2; The value of S shall always be between 0 and 1. Higher the value of
S, more is the similarity between the classes involved. A similar measure has been
used by Tsumoto[14].
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3 Design of Genetic Algorithm

GAs have been used in data mining for concept learning and rule discovery and
have shown promising results[1][2][10][13]. Though GAs perform global search
and cope better with attribute interactions, these take excessively long processing
time for discovering rules from realistic volumes of data. Therefore, Parallel Ge-
netic Algorithms offer a natural and cost effective choice for efficiency and scala-
bility of rule discovery algorithms. Enrique Alba and Marco Tomassini, and Eric
Centu Paz have written comprehensive survey papers on parallel GAs[7][8]. In this
paper, we have used island/deme GA. Each deme runs an incremental GA in par-
allel to evolve HPRs for the classes assigned to it. A master processor collects the
best HPRs evolved for each class. Each generation, the incremental GA selects two
individuals by fitness proportionate selection and produces two new offspring. The
newly produced individuals replace the two worst individuals in the population. This
way the newly produced individuals are available to take part in evolution as soon
as they are produced.

3.1 Encoding

The linear representation of the chromosome is divided into four parts. The decision
part consists of the decision class under consideration (Dk) for which the HPR is
being evolved. The ’Premise’ part consists of conjunctions of attribute-value pairs.
The ’Generality’ part consists of the general class Dk f (Dk f �= Dk). The ’Specificity’
part contains a maximum of three specific classes of the class Dk in a manner such
that any Dsi �= Dk and Dsi �= Dk f and Dsi �= Ds j(i, j = 1 . . .3; i �= j). Only defining
properties of the class Dk shall be considered for encoding the premise part of the
individuals. This shall considerably reduce the search space for GA. A positional
and fixed length chromosome, an alpha-numeric string with star (*) character as
’don’t care’ state symbol has been used. All the predicting values and classes are
categorical. Our encoding follows the Michigan approach where each individual
represents a single HPR. The linear structure for a chromosome class D1 is shown
below in Table 2. The chromosome would be decoded as:

Table 2 Structure for chromosome

Decision Part If Part Generality Part Specificity Part

0 1**1*******1*** 2 3*5

D1 If [P1∧ P4 ∧ P12] Generality[D3] Specificity[D4,D6].

3.2 Fitness Function

Fitness function measures the goodness of the individual in the population. The
fitness function for the discovery of HPRs is given below
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Fitness for ’If-Then’ part
F1 = con f idence f actor× coverage× np
Con f idence f actor = |P∧Dk|

|P|
Coverage = |P∧Dk|

|Dk | Coverage must be ≥ coverage threshold (0.8)
np = no. of properties in the premise
Fitness for ’Generality’ part
F2 = degree− subsum

(
Dk f ,Dk

)× similarity
(
Dk f ,Dk

)

Dk f is the general class of Dk

Fitness for ’Specificity’ part
F3 = ∑3

1 degree− subsum(Dk,Dsi)× similarity(Dk,Dsi)
Dsi is the specific class of the class Dk

degree− sub(Dk f ,Dk) ≥ subsumption threshold(0.6)
similarity(Dk f ,Dk) ≥ similarity thresholds (0.5)
Fitness = F1 +F2+ F3

3.3 GA Operators

Conventional GA operators of selection, crossover and mutation are used. We have
used tree level and gene level one point crossover operators. A tree level crossover
operator exchanges ’Premise’ or ’Specificity’ or ’Generality’ parts of the two HPRs.
Gene level crossover operator takes two HPRs and exchange of genes takes place
within the properties of premise and/or ’Specificity’ parts at random sites. Mutation
performs insertion, deletion, value mutation and attribute mutation operations. After
applying the GA operators to an individual, it must be ensured that the individual
still meets the constraints of a HPR defined in the encoding section. Otherwise the
individual is rejected. In addition to the conventional operators, an innovative post-
processing fusion operator is used to fuse the related HPRs into a HPRs tree. The
system can learn new concepts during the fusion as illustrated in the Sect. 4.

3.4 Parallel Genetic Algorithm Scheme

The parallel GA scheme suggested in this paper exploits control parallelism in
evolving HPRs for different classes. We take n processors and these processors
evolve autonomously and concurrently the HPRs for the classes assigned to them.
Data is also partitioned into n equal size sets to exploit the data parallelism. In this
scheme, migration operator does not move the copy of few individuals from one
population to replace the worst members of another population. However, at every
generation, migration operator moves the two newly produced offspring through all
the processors in a ring topology to compute the ’If-Then’ part fitness (F1). Each
processor runs an incremental GA to evolve HPR from its local set of population and
data .The ’If - Then’ part fitness of newly produced individuals in populations is up-
dated by having the individuals pass through all the processors in a ring topology.
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Each processor passes its newly produced individuals to its right neighbour in the
ring of processors. Each neighbour then updates the fitness measures of the individ-
uals received, by accessing its local set of data and then it forwards the individuals
to the next processor in the ring. This process continues until the individuals have
returned to the processor they were originally produced at, with their fitness duly
computed. Following the computation of ’If-Then’ fitness each processor computes
the ’Generality’ and ’Specificity’ part fitness in parallel as given the Sect. 3.2. The
detailed parallel genetic algorithm is given in appendix.

4 Experimental Setup and Results

We have evaluated our Deme Genetic Algorithm on a synthetic dataset on means
of transport. The data set has 16 distinct values of attributes and 8 classes. The
defining properties of the classes of the data set are shown in the Table 3. In all
the cases, deme genetic algorithms has been run for 300 generations on populations
of 30 individuals with crossover probability equals 0.7 and mutation probability
equals 0.4. To implement the parallel genetic algorithms GALIB245 and Parallel
Virtual Machine (PVM) have been used. Two different dataset sizes of 4000 and
8000 instances have been considered. The HPRs evolved for different classes are
presented in Table 4.

Further conceptual hierarchies have been generated by fusing the related HPRs.
As ’car’, ’motor bike’ and ’train’ classes subsume each other with same degree of
subsumption (0.8) and these classes are similar (0.71) to each other. Therefore, a
new class ’land transport’ can be conceptualized. The new class shall have common
properties from all the three classes and subsume each of its specific class with
a degree of subsumption one. The coefficient of similarity between the new class
and its specific classes can be recomputed. The classes can only be merged if the
threshold criteria for the degree of subsumption and similarity coefficient are met.
In our dataset, no further fusion of HPRs is possible. Therefore the classes ’airplane’
and ’space rocket’ do not form the part of hierarchy. The hierarchies generated are
shown in Fig. 1.

The parallel scheme has achieved super linear speed gains. The speed-ups due
to parallelism at two dataset sizes are shown in Table 5. The speed gains originate
from the following two sources: 1. Distribution of the classes among the processors:
In sequential GA, a single processor has to evolve HPRs for the eight classes of
’Transport’ dataset by running the incremental GA eight times in succession. When
we have more processors, classes are evenly distributed among the processors us-
ing control parallelism. For example when we have eight processors, each processor
evolves the HPRs for a single class only. 2. Data parallelism: In case of dataset of
size 4000, the speed gain is super linear when number of processors involved is 2
and 4. When number of processors is eight, the speed gain goes below linearity.
This is due to the increase in communication cost as individuals of the popula-
tion migrate to the various processors to compute the fitness. At a dataset size of
8000, the speed gains are amplified. The speed gain remains super linear even when
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Table 3 Frequency matrix for Means of Transport

Attributes Ship Car Airplane Motor-bike Submarine Train Rocket Boat

Driver :P1 1 1 1 1 1 1 0 1
Solid booster :P2 0 0 0 0 0 0 1 0
Railway tracks :P3 0 0 0 0 0 1 0 0
Wings :P4 0 0 1 0 0 0 0 0
Moves on land :P5 0 1 0 1 0 1 0 0
Orbiter :P6 0 0 0 0 0 0 1 0
Fuel :P7 1 1 1 1 1 1 1 0
Swimming :P8 1 0 0 0 1 0 0 1
Anchor based :P9 1 0 0 0 0 0 0 1
Fly :P10 0 0 1 0 0 0 1 0
Move under sea :P11 0 0 0 0 1 0 0 0
Engine :P12 1 1 1 1 1 1 1 0
Manual force :P13 0 0 0 0 0 0 0 1
wheel=0 :P14 1 0 0 0 1 0 1 1
Wheel=2 :P15 0 0 0 1 0 0 0 0
Wheel=4 :P16 0 1 0 0 0 0 0 0

Table 4 Hierarchical Production Rules for the ’Means of Transport’ dataset

No. HP Rs F1 Sub Si mi F2 Sub Si mi F3 Fitness

1. Ship If [Driver ∧ Fuel ∧ Swim ∧
Anchor based ∧ Engine ∧ Wheel=0]
G[boat] S[submarine]

6.0 0.8 0.57 0.456 0.75 0.83 0.62 7.056

2 Car If [Driver ∧ Moves-on-land ∧
Fuel ∧ Engine ∧ Wheel=4] G[Motor
bike] S[Train]

5.0 0.8 0.71 0.57 0.8 0.71 0.57 6.14

3 Airplane If [Driver∧ Fuel ∧ Engine ∧
Fly ∧ Wings] G[̃] S[̃]

5.0 0 0 0 0 0 0 5.0

4 Motorbike If [Driver ∧Moves on land
∧ Fuel∧ Engine ∧ Wheel=2] G[Car ]
S[Train]

5.0 0.8 0.71 0.57 0.8 0.71 0.57 6.14

5 Submarine If [Driver∧ Fuel∧ Swim∧
Engine ∧ Wheel=0 ∧ Move under sea
] G[Ship] S[̃]

6.0 0.83 0.75 0.62 0 0 0 6.62

6 Train If [Driver ∧ Moves on land
∧ Fuel ∧ Engine ∧ Track] G[Motor
bike] S[Car]

5.0 0.8 0.71 0.57 0.8 0.71 0.57 6.14

7 Space-rocket If [Fuel ∧ Engine ∧ Fly
∧ Orbital ∧ Solid booster ∧wheels
=0] G[̃] S[̃]

6.0 0 0 0 0 0 0 6.0

8 Boat If [Driver ∧ Swim ∧ Anchor-
based ∧Manual force ∧Wheel=0] G[̃]
S[Ship]

5.0 0 0 0 0.8 0.57 0.456 5.456
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Fig. 1 Overall hierarchy for the ’Means of Transport’ dataset

Table 5 Speed-ups due to parallelism

Data Size Processors(Pn) Time(Seconds) Speed Gain

1 51 -
4000 2 22 2.31

4 12 4.25
8 7 7.28

1 92 -
8000 2 37 2.48

4 17 5.41
8 9 10.22

number of processors is increased to eight. This clearly shows that the larger dataset
is able to take more advantage of data parallelism. In case of larger dataset size,
the time to evaluate fitness function is large enough to dominate the communication
overhead of the migrating individuals to implement data parallelism.

5 Conclusions and Future Direction

A parallel genetic algorithm approach is designed to discover HPRs. A combination
of the concepts of subsumption and similarity coefficient has been used to mea-
sure the inheritance relationships quantitatively between the general and specific
classes. The approach is employed to a synthetic data set on means of transport.
The knowledge discovered at multiple conceptual levels is concise and compre-
hensible. A reasoning system using HPRs as its underlying knowledge structure
can exhibit variable precision logic regarding specificity. Given the time constraint,
the system can come up with general responses otherwise it can give more spe-
cific answers. Our system can learn new concepts while fusing togather the related
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HPRs. The relationship of generality and specificity in HPRs shall be helpful for
forward and backward chaining of a reasoning system. The parallel GA has been
effective and has shown super linear speed gains. It would be interesting to see
how the approach performs on real world larger datasets with many more classes.
The most important future research is to discover Hierarchical Censored Production
Rules.
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Appendix - I

A Parallel genetic algorithm to evolve HPRs is given below:

Procedure PGA HPRs
var inputs
S: Dataset;
nc: no. of classes in the dataset S to be mined
var outputs
H: A set of HPR trees, HPRs and PRs;
np: integer // no. of processors
p: population; no-of-generations:integer
no-of-children: integer;
begin

Choose np such that: nc = l*np; /*l: integer */
Divide the dataset S equally on to np processors;
Assign the classes equally among the processors
Designate one processor as the master processor;
Fori=1 to np execute in parallel

begin
Initialize random population p(i) of HPRs
on ith processors for the ith class;
Compute-fitness(p(i)); /* as given in sec. 3.4 */
Forj= 1 to no-of-generations

begin
Select the two individuals with roulette wheel
Apply GA operators to the individuals to
produce two new off-springs;
Compute the fitness of new off-springs;
Replace the two worst individuals of the
population with the two new off-springs;

end
Send the best HPRs from each processor to the master processor;
end

Master processor applies fusion to merge the related HPRs into HPR trees;
/* The output is a set H of rules containing HPR trees, isolated HPRs and PRs */
end
stop.
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Abstract. The problem that we will address here is the Super-Peer Selection Prob-
lem (SPSP). Two hybrid genetic algorithm (HGA) approaches are proposed for
solving this NP-hard problem. The new encoding schemes are implemented with
appropriate objective functions. Both approaches keep the feasibility of individu-
als by using specific representation and modified genetic operators. The numerical
experiments were carried out on the standard data set known from the literature.
The results of this test show that in 6 out of 12 cases HGAs outreached best known
solutions so far, and that our methods are competitive with other heuristics.

1 Introduction

During the past 20 years, computer networks have been rapidly expanding because
of users’ need to connect to other computers via local or global computer net-
works. Some network strategies are based on client/server architecture, while the
others are Peer-to-Peer (P2P) systems. P2P networks are fully decentralized and
the advantages of this approach are self-organizing and fault-tolerant behavior. Fail-
ure in a single node usually does not affect the entire network at once. However,
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excessive growth of network communication may affect the scalability of such net-
works. Namely, in the case of larger networks, communication times tend to increase
and the load put on every node grows significantly. This problem can be solved by
the introduction of super-peers. Super-peers are peers that act as servers for a num-
ber of attached common peers, while at the same time, forming a network of nodes
equal among themselves. In this super-peer P2P network, each common peer is as-
signed to exactly one super-peer, which represents its only link to the rest of the
network. Obviously, all communications between different peers must be routed via
at least one super-peer. The presentation of all relevant information about Peer-to-
Peer networks is out of the scope of this paper and details can be found in [6, 14].

Although there are many papers about P2P networks, we have found only two pa-
pers that deal with the selection of super-peers in order to minimize overall network
communication. One of the papers [12] proves that the Super-Peer Selection Prob-
lem (SPSP) is NP-hard. The other paper [13]] suggests a solution to this problem.
A new metaheuristic based on evolutionary techniques combined with local search
is presented. The proposed metaheuristic is tested on real-world instances based
on actual internet distance measurements. Significant savings in total communica-
tion costs are demonstrated for all instances in contrast to a case without super-peer
topology.

2 Mathematical Representation

We used an integer programming representation of SPSP similar to the one in [13].
Since the number of nodes assigned to a super-peer network is limited, we incorpo-
rated this into the model. We defined n as the number of nodes, p as the number of
super-peer nodes, and di j as the distance between nodes i and j. Let xi j ∈ {0,1} have
the value 1 if node i is allocated to a super-peer j and 0 otherwise. The condition
xkk = 1 implies that the node k is a super-peer.

The problem can be expressed thus:

min
n

∑
i=1

n

∑
j=1, j �=i

n

∑
k=1

n

∑
l=1

(dik +dkl + dl j)xikx jl (1)

subject to:

n

∑
k=1

xkk = p (2)

n

∑
k=1

xik = 1 ∀i = 1, ...,n (3)

p
2
· xkk ≤

n

∑
i=1

xik ≤ 2p · xkk ∀k = 1, ...,n (4)

xik ∈ {0,1} ∀i,k = 1, ...,n (5)
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The objective function (1) minimizes the overall costs. The constraint (2) ensures
that exactly p super-peers are chosen, while the constraint (3) guarantees a single
super-peer allocation for each node. The constraint (4) limits the number of nodes
assigned to each super-peer k to between p/2 and 2p. The constraint (4) implies also
that if k is a non-super-peer node (xkk = 0), then xik = 0 holds for every i . It is easy to
see that the flow goes only via super-peer nodes, thus preventing direct transmission
between other nodes. By the constraint (5) we prevent super-peers being allocated
to other nodes.

3 Proposed Hybrid GA Methods

GAs are stochastic search techniques imitating some spontaneous optimization pro-
cesses in the natural selection and reproduction. At each iteration (generation), a GA
manipulates a set (population) of encoded solutions (individuals), starting from ei-
ther randomly or heuristically generated one. Individuals from a current population
are evaluated using a fitness function to determine their qualities. Good individuals
are selected to produce new ones (offspring), applying operators inspired from ge-
netics (crossover and mutation), and they replace some of the individuals from the
current population. A detailed description of GAs is out of this paper’s scope and can
be found in [9, 8, 10]. Extensive computational experience of various optimization
problems shows that a GA often produces high quality solutions within a reasonable
time. Some of the recent applications related to this problem are [4, 5, 11, 7].

3.1 Description of HGA1 Representation

The genetic code of each individual consists of n genes, each referring to one net-
work node. The first bit in each gene takes the value 1 if the current node is a
super-peer, 0 if it is not. Considering these bit values, we form an array of opened
super-peers. If a node is a super-peer the remaining bits of the gene are ignored,
while if it is not a super-peer node, the remaining part of the gene rnsp refers to the
super-peer assigned to the current non-super-peer node nsp. Details of this assign-
ment will be explained later as the nearest neighbour ordering.

3.2 Description of HGA2 Representation

In this representation of the GA, the genetic code of an individual consists of two
segments. The first segment is a string of length p, where the digits (genes) take val-
ues from the set {0,1, ...,n− 1}. Each digit in this segment shows which nodes are
set as super-peers. The duplication of a super-peer index is resolved in the following
way: if an index repeats in a genetic code, we replace it by the next previously un-
used one. If there are no such indices, we use the previous index that was not already
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taken. Since p is smaller than n, we will always find a ”free” index to replace the
duplicated one. This approach ensures that exactly p distinct super-peer indices are
obtained from a genetic code.

The second segment in the genetic code has exactly n − p genes, where each
gene rnsp corresponds to the non-super-peer node nsp. The gene value refers to the
super-peer assigned to the current node, also applying the nearest neighbor ordering.

3.3 Objective Function

For each non-super-peer node nsp the nearest neighbor ordering is applied in several
steps:

Step 1. Super-peers that reached 2p assignments are discarded from consideration;
Step 2. The remaining super-peers are arranged in non-decreasing order of their

distances from a particular node;
Step 3. The super-peer with the index rnsp in the arranged order is assigned for the

current non-super-peer node nsp.

This procedure guarantees that every super-peer node has at most 2p node assign-
ments. If some super-peers have less than p/2 node assignments, we look for nodes
that are assigned to super-peers with more than p/2 assignments and choose the
one with the best change of overall cost. This is repeated until all super-peers have
at least p/2 node assignments.

The super-peers that are closer to non-super-peer nodes appear often in the opti-
mal solution, while the far away super-peers are rare. For this reason, we directed
our search to ”closer” super-peers, while the ”distant” ones were considered of small
probability. As a result, the values of rnsp had to be relatively small, otherwise the
nearest neighbor ordering would become a classical GA search. If all rnsp = 0, this
would turn into a greedy search.

On this solution, we applied local search procedures as proposed in [13]. There
were three different neighborhoods: replacing the super-peer, swapping two peers
and reassigning a peer to another super-peer. Since their running times were very
time consuming, we used these local search procedures occasionally, in contrast to
[13], where all three procedures were used on each individual in every generation.
In the first 20 generations, we did not use the local search at all. Later, if the best
individual was changed, we improved it, but if the best individual was not changed
in the last 5 generations, we randomly chose some individual and applied all three
local search procedures to it.

3.4 Selection

The selection operator, which chooses parent individuals for producing offspring
in the next generation, is an improved tournament selection operator known as the
fine-grained tournament selection (see [2]). This operator uses a real
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(rational) parameter Ftour denoting the desired average tournament size. Two types
of tournament were performed: the first type was held k1 times on �Ftour� in-
dividuals, while the second type was applied k2 times with �Ftour	 individuals

participating, so Ftour ≈ k1·�Ftour�+k2·�Ftour	
Nnnel

, where Npop and Nelite was the over-
all number of individuals and number of elitist individuals in the population, and
Nnnel = Npop −Nelite.

In our implementation Ftour = 5.4 and, corresponding values k1 and k2 for Nnnel =
50 non-elitist individuals were 30 and 20, respectively.

3.5 Crossover and Mutation

After a pair of parents was selected, the crossover operator was applied to them
producing two offspring. The crossover operator in HGA1 simultaneously traced
genetic codes of the parents from right to left, searching the gene position i where
the parent1 had ”1-bit” and the parent2, ”0-bit” on the first bit position of these
genes. The individuals then exchanged whole genes on the gene position i. The
corresponding process was simultaneously performed on gene position j, starting
from the left side of the parents’ genetic codes. The described process was repeated
until j ≥ i.

Note that the number of located super-peers in both offspring remained un-
changed compared to their parents. Since the parents were correct, their offspring
were correct, too. The implemented crossover operator was applied with the rate
(pcross = 0.85).

In HGA2 each parent’s genetic code consisted of two segments of different na-
ture. We applied a double one-point crossover: in each segment of the parents’
genetic codes, one crossover point was randomly chosen and the genes were ex-
changed after the chosen position.

The offspring generated by a crossover operator were subject to mutation. The
mutation operator, when applied, changed a randomly selected gene in the genetic
code. During the GA execution, it is possible that all individuals in the population
have the same gene in a certain position. These genes are called frozen. If the num-
ber of frozen genes is significant, the search space becomes much smaller, and the
possibility of premature convergence rapidly increases. For this reason, basic mu-
tation rates are increased, but only for the frozen genes. The basic mutation rates
are:

• 0.2/n for the bit in the first position.
• 0.05/n for the bit in the second position. Next bits in the gene have repeatedly

two times smaller mutation rate (0.025/n, ....).

When compared to the basic mutation rates, frozen bits are mutated by:

• 2.5 times higher rate (0.5/n instead of 0.2/n) if they are in the first position in the
gene.

• 1.5 times higher rate (0.075/n, 0.0375/n, ...) otherwise.
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In HGA1, the previous process could not guarantee the feasibility of individuals,
so we counted and compared the number of mutated ones and zeros in the first
bits of genes in each individual. In cases where these numbers were not equal, it
was necessary to mutate additional leading bits of genes. Equalizing the number of
mutated ones and zeros in leading positions, the mutation operator preserved exactly
p super-peers and preserved the feasibility of the mutated individuals.

3.6 Caching GA

The main purpose of caching was to avoid the calculation of objective values for in-
dividuals that reappeared during the a GA run. The evaluated objective values were
stored in a hash-queue data structure, which was created using the Least Recently
Used (LRU) caching strategy. When the same code was obtained again, its objec-
tive value was taken from the hash-queue table, instead of calculating its objective
function. The implemented caching technique improved the GA running time (see
[3]). The number of cached objective values in the hash-queue table was limited to
Ncache = 5000 in our HGA implementations.

3.7 Other GA Aspects

The population numbered 150 individuals, but for the applied encodings, random
population in the first generation was not appropriate. These encodings, based on
the nearest neighbor ordering, as described above, showed that numbers rnsp must
be small. If pri, i = 0, ..., p−1 is the probability that rnsp = i, for every non-super-

peer node must hold
p−1
∑

i=1
pri = 1 and pr0 ≥ pr1 ≥ ... ≥ prp−1. The appropriate

model was the geometric progression for pr0 = 1−q
1−qp , where q was the common

ratio. In our case, q was 0.4. The initial population was generated according to these
probabilities.

Steady-state generations were replaced by applying elitist strategy. In this re-
placement scheme, only Nnonel = 50 individuals were replaced in every generation,
while the best Nelite = 100 individuals directly passed into the next generation pre-
serving highly fitted genes. The elite individuals did not need recalculation of ob-
jective values, since each of them was evaluated in one of the previous generations.

Duplicated individuals were removed from each generation. Their fitness values
were set to zero, so that the selection operator prevented them from entering the
next generation. This was a highly effective method of preserving the diversity of
genetic material and keeping the algorithm away from premature convergence. In-
dividuals with the same objective function but different genetic codes can in some
cases dominate the population. If their codes are similar, the GA can lead to a local
optimum. For that reason, it is useful to limit their appearance to some constant. In
this GA application this constant was set to 40.
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4 Computational Results

The GA tests were performed on an Intel 2.66 GHz with 4 GB RAM, under Linux
(Knoppix 5.3.1) operating system. The GA stopping criterion was the maximum
number of generations equal to 5,000 or at most 2,000 generations without an im-
provement of the objective value. Testing of both HGA approaches was performed
on real world instances from [13] based on node-to-node delay information from
PlanetLab [1], a world-wide platform for performing Internet measurements. The
dimension of these instances varied from n = 70 to n = 419 nodes and p ≈ √

(n).
Note that for these instances triangle inequalities are frequently violated due to dif-
ferent routing policies and missing links most likely due to firewalls (for more de-
tails see [1, 13]).

Table 1 Characteristic of SPSP instances

Inst n p Best known
solution

01-2005 127 12 2927946 new
02-2005 321 19 18596988 new
03-2005 324 18 20642064 new
04-2005 70 9 739954
05-2005 374 20 25717036
06-2005 365 20 22311442 new
07-2005 380 20 31042374 new
08-2005 402 21 30965218
09-2005 419 21 33014358 new
10-2005 414 21 32922594
11-2005 407 21 27902552
12-2005 414 21 28516682

Table 1 contains current best known solutions, based on results from [13] and
new results from HGA1 and HGA. The table is organized as follows:

• the first column contains the instance name;
• in the second and the third columns are the number of nodes, n, and the number

of super-peers, p, respectively;
• current best known solutions are given in the last column. Solutions achieved by

HGAs are marked with new.

The HGA1 and HGA2 were run 30 times for each instance and the results were
summarized in Tables 2 and 3, respectively. The tables are organized as follows:

• the first two columns contain the instance name and the best known solution from
Table 1;

• the third column, named GAbest , contains the best HGA solutions. The solutions
that are equal to the best known are marked best;

• the average running time (t) used to reach the final GA solution for the first time
is given in the fourth column, while the fifth and sixth columns (ttot and gen)
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Table 2 Results of the HGA1

Inst Bestsol GAbest t ttot gen agap σ eval cache
(sec) (sec) (%) (%) (%)

01-2005 2927946 best 50.8 73.7 4675 0.126 0.287 128152 45.2
02-2005 18596988 18621460 495.7 660.6 4642 0.417 0.283 146473 37.0
03-2005 20642064 20650488 590.4 730.7 4785 1.733 0.757 137183 42.6
04-2005 739954 best 7.5 13.2 3851 0.609 1.480 89222 53.1
05-2005 25717036 25727144 929.7 1098.1 4875 0.285 0.328 148494 39.1
06-2005 22311442 best 605.0 854.8 4527 0.175 0.125 132700 41.4
07-2005 31042374 31082632 784.4 992.6 4840 0.332 0.237 136918 43.4
08-2005 30965218 30971996 902.5 1145.0 4793 0.634 0.292 154109 35.7
09-2005 33014358 best 924.1 1233.8 4653 0.917 0.441 152024 34.8
10-2005 32922594 32966074 1017.5 1237.6 4778 0.820 0.520 154744 35.1
11-2005 27902552 27942502 909.7 1198.1 4783 1.208 0.662 160861 32.9
12-2005 28516682 28561004 1009.7 1300.8 4849 0.564 0.371 152419 37.2

Table 3 Results of the HGA2

Inst Bestsol GAbest t ttot gen agap σ eval cache
(sec) (sec) (%) (%) (%)

01-2005 2927946 best 31.0 52.9 4111 1.386 0.310 88090 57.1
02-2005 18596988 best 478.9 597.4 4784 0.457 0.202 106383 55.5
03-2005 20642064 best 553.3 675.6 4821 1.437 1.023 107753 55.3
04-2005 739954 best 3.6 10.1 2984 0.246 0.068 76212 49.1
05-2005 25717036 25722412 762.0 942.9 4773 1.669 0.546 108867 54.5
06-2005 22311442 22326972 657.3 822.0 4865 0.385 0.232 106119 56.3
07-2005 31042374 best 716.0 885.1 4810 4.955 0.995 104526 56.6
08-2005 30965218 31050464 856.9 1053.2 4763 0.542 0.280 111634 53.2
09-2005 33014358 33188802 927.1 1094.5 4783 0.834 0.351 105898 55.7
10-2005 32922594 33054968 959.7 1121.7 4921 1.257 0.444 109063 55.7
11-2005 27902552 27956910 874.0 1042.9 4795 1.707 0.707 113642 52.4
12-2005 28516682 28536494 1014.1 1191.7 4916 0.441 0.269 106272 56.7

show the average total running time and the average number of generations for
finishing GA, respectively. Note that running time ttot includes t;

• the seventh and eighth columns (agap and σ ) contain information on average

solution quality: agap is a percentage gap defined as agap = 1
20

20
∑

i=1
gapi, where

gapi = 100 ∗ GAi−Bestsol
Bestsol

and GAi represents the GA solution obtained in the i-th
run, while σ is the standard deviation of gapi, i = 1,2, ...,20, obtained by formula

σ =

√

1
20

20
∑

i=1
(gapi−agap)2.

• in the last two columns, eval represents the average number of objective function
evaluations, while cache displays savings (in percentages) achieved by using the
caching technique.
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5 Conclusions

We have described two evolutionary metaheuristics for solving SPSP. For each
method, two-segment encoding of individuals and appropriate objective functions
were used. Arranging super-peers in non-decreasing order of their distances from
each node directed GA to promising search regions. The initial population was
generated to be feasible and genetic operators adapted to SPSP were designed and
implemented. Improving heuristic based on local search additionally improved so-
lutions given by genetic algorithms. Genetic operators preserved the feasibility of
solutions, so the incorrect individuals did not appear throughout all generations.
We have used the idea of frozen bits to increase the diversity of the genetic mate-
rial. The caching technique additionally improved the computational performance
of both HGAs.

The results clearly demonstrated usefulness of our hybrid GA approaches with
new best solutions for six of the SPSP instances. Hence, our future work could
concentrate on the parallelization of the HGAs and their hybridization with exact
methods. Based on the results, we believe that our HGA approaches have a potential
as useful metaheuristics for solving other similar problems that arise in Peer-to-Peer
network communications.
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A Genetic Algorithm for the Constrained  
Coverage Problem 

Mansoor Davoodi, Ali Mohades, and Jafar Rezaei* 

Abstract. The coverage problem is one of the most important types of the facility 
location problems, which belongs in the NP-hard problems. In this paper, we pre-
sent a genetic algorithm for solving the constrained coverage problem in continu-
ous space. The genetic operators are novel operators and specially designed to 
solve the coverage problem. The new algorithm has a high convergence rate and 
finds the global optimum by a high probability. The algorithm is tested by several 
benchmark problems, the results of which demonstrate the power of algorithm. 

1   Introduction 

Coverage problems are one of the most practical subjects in the sensor networks 
and facility location that have been studied in the past years. In general, the cover-
age problem is put forward as the k-coverage form and has been discussed on the 
continuous or discrete, constrained or unconstrained, and weighted or un-weighted 
space. In the discrete space, there are n targets (or demand points) and the goal is 
to cover them by sensors that have the certain effective sense radius which we de-
note by ESR. Any sensor can be displayed as the center of a circle with radius ESR 
(denoted by ESR-sensor). By such representation, any demand point is covered by 
a sensor if and only if the distance from the sensor is equal to or less than ESR. In 
the k-coverage problems, each demand point is covered by at least k different 
ESR-sensors, where the number of sensors is minimized. In general, this problem 
is NP-hard [1], and for this reason many heuristic algorithms have been presented 
for solving it (cf. [2 - 6]). 

In the simplest case, when k equals one, the 1-coverage problem is put forward, 
which is called the coverage problem here for simplicity. In this problem, the goal 
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is to find the minimum number of ESR-sensors such that they cover all demand 
points. In [7] continuous space has been studied, where demand points constitute 
an infinite set and are modeled by polygons. Generally, the continuous space cov-
erage problem falls into complete and approximate coverage and can be solved us-
ing gridding or partitioning approaches [7, 8]. In the constrained versions, which 
are one step closer to real world problems, there are some constraints on the posi-
tion of sensors. These constraints, usually shown by polygons, represent the real 
constraints like highways, lakes, etc. 

One of the other types of facility location problems, of which various versions 
have been studied in the recent years, is the p-center problem [9-11], that is ap-
plied in emergency facility location. In this problem, which is partly similar to the 
coverage problem, the goal is to find exactly p circles that cover all demand points 
and minimize the maximum radius of the circles. Similarly in this problem if the 
demand points have different preferred levels, a specific weight is assigned to any 
of them, and if the space is continuous the density is considered non-uniform [12, 
13]. Recently, in [14], a heuristic algorithm based on Voronoi diagram has been 
used to solve the constrained p-center problem in continuous space, and applied to 
constrained space in a real world problem for locating warning sirens. 

In addition to the applications of the coverage problem in sensor networks and 
wireless antennas [15], this problem is also applied in military applications, object 
tracking, data gathering, etc. [16-17]. Regarding to the widespread applications of 
the coverage problems, the goal of this paper is to present a Genetic Algorithm 
(GA) for solving the constrained continuous space p-center problem. Satisfying 
constraints, GA uses a similar way that is applied in [14] for constrained p-center 
problem and explained in section 3. Also in GA, more standard operators (selec-
tion, crossover and mutations [18]) are used as transfer operators that transfer each 
center to the center of Minimum Covering Circle (MCC) of a set of demand 
points. The proposed crossover and mutation operators are different from standard 
ones that are usually applied in evolutionary optimization problems. 

Objects which are used on the body of new approach are presented in the next 
section. Section 3 explains the constrained coverage problem. Section 4 presents a 
genetic algorithm with new genetic operators. The simulation results are shown in 
section 5 and finally, in section 6 we represent a conclusion and future works. 

2   Voronoi Diagram  

One of the most practical geometric structures is the Voronoi diagram space (VD). 
This geometric object is defined on the set of points in the d-dimensional ( 1d ≥ ). 
VD includes all problems in nearest or farthest neighborhood problems [19]. 

Definition: Let 1 2{ , ,..., }nD p p p=  be a set of n points (or sites) in the plane. The 

Voronoi region of any point pi, denoted by VRi, is a convex polygon such that all 
points that lie in it, closer to pi than other points of D. The locus of the points the 
plane that have more than one nearest site is called the Voronoi diagram of D and 
is denoted by VD(D). 
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Fortune's algorithm can construct the VD of n points in the plane in ( log )O n n  

time complexity. The most important property of VD is that it can answer the 
nearest (or farthest) query point in (log )O n time. Also updating Voronoi diagram 

takes ( )O n time per point that has to be added or deleted [20-21]. 

3   Constrained Space p-Center and Coverage Problem 

Let 1 2{ , ,..., }nD p p p= be a set of n demand points in the plane and ESR be effective 

sense radius of sensors (or facilities). The goal is covering all demand points by 
minimum number of ESR-sensors; If p be this optimal number, then 

1 2{ , ,..., }pC c c c=  can be a set of p facility points (or centers) that must be posi-

tioned among the points of D. One approach to solve the constrained coverage 
problem is that for all number of facilities, p=1,2,…,n or binary search in 

( )logO n  times the p-center problem is solved and find the minimum p such that 

maximum radius of largest circle is equal to or less than ESR.  
In the constrained version, there exist some locations that are usually modeled 

by polygons in which the centers cannot be positioned. Let s1 be the fitness of the 
solution of p-center problem without considering the constraints and s2 be the fit-
ness of solution of the constrained p-center problem. It is clear that 2 1s s≥ . It has 

been proved that minimum feasible covering circle can be determined by one of 
the two possible cases [14]: 

• The feasible center is one of the closest points of the boundary line segments of 
the constraints to one of the demand points. 

• The feasible center is one of the points of the intersection of the bisector of two 
demand points with the boundary of the constraints. 

 
 

 

Fig. 1 Solving the p-center problem for two cases p=1 and 2 

If h is the number of points on the convex hull and m is number of segments of 
constraints, finding the minimum feasible covering circle can be obtained in 

2( )O m h  time. For example, fig. 1 shows two solutions of the unconstrained p-

center problem for p=1 and 2. If we consider the constraints, the solution of case 
p=1 is a feasible center ( 2 1s s= ) but in p=2 one of the two centers is infeasible 

a 

 
b 
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(center lies inside the pentagon constraint). In this case, it is sufficient to move the 
infeasible center along the bisector of the two points (a) and (b). 

The MCC of n points in the plane can be computed in ( )O n  computations us-
ing the Megiddo's parametric searching algorithm [25]. If this center is an infeasi-
ble (located in a constraints polygon) center can be changed to a feasible solution 
on the boundary of constraints. This changing runs in 2( )O m h time, which m is 

the number of vertex in constraint polygons and h is the number of vertices in 
convex hull of n demand points. The convex hull of n points can be obtained in 

( log )O n n  time [19]. In the GA we use above process, transferring each center to 

the boundary of constraint polygons, and satisfy constraint polygons in coverage 
problem. 

In Addition to above constraints, in the constrained coverage problem there is 
another constraint; the ESR constraint. In fact the maximum sense radius of each 
sensor is limited to ESR, and this is a hard constraint. To satisfy the ESR constraint 
we use GA strategies and a tournament selection operator that emphasizes to the 
solutions that satisfy maximum sense radius. 

4   Genetic Algorithm for Solving the Coverage Problem 

GAs are probabilistic search and optimization techniques guided by the principles 
of evolution and natural genetics. This method provides global near-optimal solutions of 

an objective or fitness function by striking a remarkable balance between exploration 
and exploitation in complex, large, and multi-modal landscapes. There are several 
approaches to solve the constrained optimization problem using GAs [18], one of 
the popular methods is penalty function [23]. 

4.1   Parameters and Operators in Genetic Algorithm 

4.1.1   Size of Population and Its Initialization 

The size and initialization of population are two efficient factors in the success of 
evolutionary algorithms and reaching to the global solution. The size of population 
depends on the search space and the time can be spent. Usually, when there is no 
additional information about search space and its density, the population is initial-
ized randomly. In the coverage problem if D is a set of demand points, the seed 
point solution can be selected in the convex hull of D. Since the optimal number 
of sensors is unknown, we first select a random number between one and n (num-
ber of demand points) as p, and then select p points in the convex hull of D ran-
domly. Further more we can select randomly p points of n demand points (same as 
way that applied in discrete coverage problem). Also the initialization can be done 
by one of the seed point's p-center algorithms suggested in some studies [24]. It is 
notable that the size of chromosomes in the population is different and it is variant 
between one and n. 
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4.1.2   Selection Operator 

The selection of parents to produce successive generations plays an extremely im-
portant role in the GA. The goal is to allow the fittest individuals to be selected 
more often to reproduce. However, all individuals in the population have a chance 
of being selected to reproduce the next generation. We use a new tournament se-
lection operator by radius r. In this method we first select a random number as k, 
between 1 and N, which N is the size of population. Then we select the best solu-
tion between kth and (k+r)th solution, called first parent. To select a pair for this 
parent, we repeat this process again. If the radius parameter r is a large number, 
the selection operator emphasizes the best solutions and increases the convergence 
rate, but this work may prevent the algorithm from reaching the global optimum 
solution. On the other hand, if r is a small, the solution of population spreads on 
the wide search space and the algorithm can find the global optimum solution by a 
high probability, but it is notable that the speed of progress of the population to-
wards the better regions of search space is reduced. Anyway the parameter r can 
be used to balance exploration and exploitation. This selection operator is very 
simple to implement and proper in non-uniform and multi-modal search space, but 
it isn't promised for uniform and simple landscapes, opposite other selection  
operators likes Roulette wheel and proportional.  

With regard to the goal of coverage problem; the fitness of each solution can be 
defined as the number of sensors that is used to cover. On the other hand the ra-
dius of sensors is limited to ESR, so if the maximum radius of each demand points 
from the nearest sensor is equal to or less than ESR, the solution is a feasible solu-
tion and otherwise it is an infeasible solution. The tournament selection operator 
first emphasizes to the feasible solutions and then to a solution that has the mini-
mum sensor, If both are infeasible, a solution whose maximum radius is less than 
another solution is selected by the selection operator. For reaching this goal the  
selection operator use the domination concepts [18]. 

4.1.3   Crossover Operator 

Here we choose each chromosome equal to a solution for the coverage problem, 
but since the number of sensors can be between one and n; so each solution of the 
population is a vector as 1 2{ , ,..., }pC c c c= , where { }1,2,...,p n∈  and ( ),j j jc x y=  is 

the location of jth facility center in solution. If 1 1 1 1
1 2{ , ,..., }pC c c c=  and 

2 2 2 2
1 2{ , ,..., }qC c c c=  are two parents selected by selection operator, the crossover of 

them makes as follows: 
First for any member of 1C  such as 1

ic  we find the first and second nearest 

member in 2C , assume they are 2
1ic  and 2

2ic , respectively. Then we calculate the 

following equation: 

( )1 2 1 2
2 1 , f o r 1, 2 , . . . , .i i i i id c c c c i p= − − − =   (1) 

In the next step we sort the members of C1 according to their above values in de-
scending order. Then a member of 1C with the maximum value of di and the  
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nearest member of 2C  are selected. Thereafter both are paired together and de-
leted from 1C  and 2C respectively. This process, p times is repeated and all pairs 
are found. After this step a common crossover operator can be used and parents 
are combined and produce some offsprings [21]. Above process is repeated to C2 
again and q pairs are found. By using a dynamic data structure and dynamic VD 
each crossover operation can be run in ( )( )log , logO Max p p q q  time [23-24]. 

In the simulation of this study, after the pairing process was completed, we use 
a linear crossover operator and produce two children (offsprings) from each pair 
of parents. In fact, if 1

ic  and 2
jc are two members that are paired in kth iterations of 

the above process, 1,2,...,k p= (or 1,2,...,k q=  for C2), the linear crossover  

produces two children as follows: 

( ) ( )1 1 2 2 1 21 , 1k i j k i jchild c c child c cλ λ λ λ= + − = − +                 (2) 

Where λ  is a random value between zero and one. 
If C1 and C2 have p and q members respectively; the crossover operator pro-

duces two offsprings with p members and two offsprings with q members. We  
select the two best of them for the next population. If we select these two best  
solutions among the six solutions, we can implement the elitist strategy, too. 

4.1.4   Mutation Operator 

A mutation operator alters or mutates one parent by changing one or more vari-
ables in some way or by some random amount to form one offspring and is used to 
prevent undesirable convergence in population and also prevent the algorithm 
from getting stuck in a local optimum of the problem. We use a different strategy. 

Assume 1 2{ , ,..., }pC c c c=  is a child that is produced by crossover operator. Geo-

metrically jc  is a circle by center ( , )j jx y and minimum radius jr such that covers 

all demand points in VRj. Most probably only one of the p circles has a maximum 
radius. If this radius is denoted by ( )Z C , then 

( ) { }11
( , )i jj pi n

Z C Max Min d p c
≤ ≤≤ ≤

=  

Indeed ( )Z C  is the maximum effective radius of solution C. If the center and ra-
dius of the largest circle in C denoted by maxc  and maxr , respectively, then the  

mutation is defined such that: 
If maxr ESR> we insert a sensor to C, otherwise we delete one of them. The in-

sertion and deletion can be run randomly or regularly. For example, if we want to 
insert a sensor, we add it in the largest circle (in ESR distance of maxc ) and if we 

want to delete a sensor, we delete a center which has a minimum distance of near-
est neighborhood centers. Like the selection operator, this mutation operator first 
emphasizes to feasible solutions and then to the minimum number of sensors. 
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4.2   Genetic Algorithm 

The GA moves from generation to generation selecting and reproducing parents 
until a termination criterion is met. The most frequently used stopping criterion is 
a specified maximum number of generations. Another termination strategy in-
volves population convergence criteria. In general GAs will force much of the en-
tire population to converge to a single solution. When the sum of the deviations 
among individuals becomes smaller than some specified threshold the algorithm 
can be terminated. 

In solving the coverage problem by GA, first some random solutions are gener-
ated, and by using Voronoi diagram of each solution and computing the MCC of 
each Voronoi region of centers, the fitness of each solution is computed. Then in 
each generation, selection, crossover and mutation operators as described above, 
are used and the next generation of population is created. Since it is possible that 
from two feasible parents some infeasible offsprings are produced, we first find 
MCC of all demand points that lie on the Voronoi region of each member of off-
spring and then move each member to the center of MCC (transfer operator). If 
this center lies on the infeasible location, we use the approach mentioned in sec-
tion 2 and move it to the boundary of the constraint polygon such that minimum 
feasible circle is created. 

The outlined of genetic algorithm is presented as follows: 

Genetic Algorithms for Constrained Coverage Problem (GACCP) 

Inputs: Demand set D; effective sense radius, ESR; and constraint polygons. 
Output: A solution for the constrained continuous coverage problem. 
Step1 Compute the convex hull of D (Demand points set) and initialize the first 

population in the convex hull of D; 
Step2 For each solution of population as 1 2{ , ,..., }pC c c c=  run the following 

three sub steps: 
Step2-1 Compute Voronoi diagram of C; 
Step2-2 Find all demand points lying in the Voronoi region of cj and put 

them in the Sj, for 1,2,...,j p= ; 

Step2-3 Compute the minimum feasible covering circle of Sj and set its 
center as the new cj, for 1,2,...,j p= . Radius of circle jth denoted 

by rj and let max
1

( )j
j p

r Max r
≤ ≤

= ; 

Step3 use selection, crossover and mutation operators, and generate the next 
generation of the population; 

Step4 If the termination condition holds, return the best solution in the  
population and finish the algorithm; otherwise go to Step2. 

4.2.1   Analysis of Algorithm 

If the size of the population is N, the number of demand points is n, the number of 
vertices in constraints is m and p is the number of facility points, then the  
complexity of GACCP can be computed as follows: 
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Step1, initialization of population, runs in ( )O pN computations. In the worst 

case p equals n. For any solution of population, calculating the Voronoi diagram, 
finding the Voronoi region that each demand points belongs to and finding the 
minimum covering circle of points that lie in each Voronoi region can be run in 

( )logO p p , ( )logO n p and ( )O n  time, respectively. If the center of MCC is an 

infeasible center, it can be changed to a feasible center in ( )2
i jO m n  time, which mi 

is the number of vertex of constraint polygon that the infeasible center lies in and 
nj is number of demand points that lie in Voronoi region of the infeasible center. 

The crossover and mutation operators run in ( )logO p p computations. So the 

total time complexity of the constrained version of problem is ( )2O Nm n  and if 

we ignore the constraints, that will be equal to ( )logO Nn p time. 

Since GACCP uses a population of solutions, it is not very sensitive to a single 
solution. On the other hand GACCP profits from the two operator classes. Stan-
dard genetic operators and transfer operator that moves each sensor toward the 
center of MCC of each region. This mutual advantage of GACCP causes it to be 
very powerful in search and convergence goals in evolutionary algorithms. An-
other advantage is that GACCP can be used to solve the discrete version of cover-
age problem, too; it is sufficient that we redefine the crossover operator such that 
only use replacement strategy instead of linear crossover that used in equation (2).  

5   Simulation Results 

In this section, GACCP is used on several random test problems and the results are 
shown in Figure2. All test problems are dealt with in a rectangular shape of size 
450 650× and have three constraint polygons.  

The algorithm is run for various numbers of demand points, n, and effective 
sensor radius, ESR. In each run, first n random demand points are generated, and 
then GACCP is run with several predefined sensor radii. The termination condi-
tion is considered to have at most 100 iterations; GACCP is used with these  
parameters: 

 
Fig. 2 Results of test problems for n=100 and 200 with ESR= 100 
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Size of population N=40, selection radius r=3, mutation probability is 1/p, 
which p is the number of sensors in solution, and we use local elitist strategy.  
Fig. 2 shows some results of the test problem for n=100 and 200 (Due to limita-
tion in size of paper we don’t represent more tests). Since, step2-3 of Algorithm 
changes all circles to minimum feasible circles, all solutions in end of each gen-
eration are feasible. The simulations need a little time to run between 20 to 30 
seconds using C# programming on a home PC. 

6   Conclusion 

The presented new method combined the genetic algorithm with an elegant geo-
metric approach to constrained coverage problem. Presented genetic operators are 
new which are suggested regarding the coverage problem goal. In addition, the se-
lection operator that is used here is a new type of tournament selection operators. 
This operator can be used in any genetic algorithm. 

The proposed algorithm can be used for solving the discrete and weighted cov-
erage problem. With respect to the improvements being made to the weighted Vo-
ronoi diagram, naturally one of the future works can be presenting a compatible 
version of these algorithms in the non-uniform density space. 
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Using Multi-objective Evolutionary Algorithms in the 
Optimization of Polymer Injection Molding 

Célio Fernandes, António J. Pontes, Júlio C. Viana, and A. Gaspar-Cunha∗ 

Abstract. A Multi-objective optimization methodology has been applied in the 
optimization of polymer injection molding process. This allowed the optimization 
of the operating conditions of the process from mold flow simulations, taking into 
consideration the existence of 5 criteria simultaneously, such as temperature dif-
ference on the molding at the end of filling, the maximum pressure, the pressure 
work, the volumetric shrinkage and the cycle time. The results produced shown 
that the proposed methodology is an efficient tool to be used in the optimization of 
this process. 

1   Introduction 

The injection molding process is one of the most important polymer processing tech-
nologies used to manufacture a great variety of plastics parts of high complexity and 
with tight dimensional tolerances. Injection molding of polymeric materials is a com-
plex process involving several phases, such as plasticating (solids conveying, melt-
ing), melt flow (injection), pressurization (holding) and cooling/solidification. This, 
together with the viscoelastic nature of the polymeric materials, strongly affects the 
quality of the final molded parts. 

The thermomechanical environment imposed to the polymer is determined by 
the operating conditions, the system geometry and the polymer properties. The fi-
nal part morphology obtained, which determines their dimensions, dimensional 
stability and final properties, is controlled by the thermomechanical conditions de-
fined by the process [1, 2]. Therefore, due to the high number of variables in-
volved and the strong interaction between them and the end product properties, the 
definition of the best operating conditions to use in a specific processing situation 
is a complex task. Sophisticated modeling programs, able to predict the process 
response to the operating conditions defined, have been used for that purpose in an 
iterative way [3, 4]. The user defines some tentative processing conditions for the 
process under study and then these solutions are evaluated using the modeling rou-
tines in terms of the relevant criteria previously defined. If the desired response is 
not satisfactory the user defines new operating conditions, taking into account the 
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results obtained for the previous ones, and the process continues until an  
acceptable performance is attained [3, 4].  

However, this trial-and-error process is strongly dependent on the ability of the 
user to define the operating conditions to be tested. Thus, it is of great importance 
the application of an automatic optimization methodology able to define the opera-
tive window for the injection molding process without minimal user intervention.  

Various optimization strategies using different methodologies to optimize the in-
jection molding process have been reported in the literature [5-9]. Kim et al. [5] 
used Genetic Algorithms (GA) to optimize the processing variables (mold and melt 
temperatures and filling time) based on pre-defined criteria. The performance of the 
process was quantified using a weighted sum of the temperature difference, “over-
pack” and frictionally overheating criteria. Lotti and Bretas [6] applied Artificial 
Neural Networks, ANN, to predict the morphology and the mechanical properties 
of an injection molded part as a function of the processing conditions (mould and 
melt temperatures and flow rate). A central composite design of experiments ap-
proach was used to predict the molding morphology as a function of the processing 
conditions using the MoldFlow software. Castro et al. [7] used ANN and data en-
velopment analysis (i.e., statistical analysis) to find the optimal compromise be-
tween multiple performance measures to define the setting of injection molding 
variables and the gate location. Peic and Turng [8] used three different optimization 
algorithms (evolution strategies, differential evolution and simulated annealing) to 
optimize the injection molding processing conditions as a function of cycle time 
and volumetric shrinkage, using as restrictions the clamping force, the injection 
pressure and the temperature of the part at ejection. The relation between the proc-
essing conditions and the optimization criteria was performed with the CMOLD 
software. Finally, Alam et al. [9] applied a Multi-Objective Evolutionary Algo-
rithm (MOEA) to optimize the shrinkage of the molding and perform the runner 
balancing. Gaspar-Cunha and Viana [10] optimized the mechanical properties of 
injection molded parts using an MOEA approach. 

In this work an optimization methodology based on MOEA is used for optimiz-
ing the operating conditions (melt and mold temperatures, injection flow rate, 
switchover point, holding time and pressure) in injection molding. This problem 
was not solved in the previous works above identified. A study about the perform-
ance of the proposed methodology using various optimization criteria has been 
carried out. The MOEA was linked with an injection molding simulator 
(CMOLD), which is able to compute the optimization criteria as a function of the 
defined operating conditions and able to take into account, simultaneously, the 
system geometry and polymer properties. 

2   Multi-objective Evolutionary Algorithms 

The use of computer simulations on the design stages of engineering plastic com-
ponents for the injection molding process is very frequent [3, 4]. Initially, a finite 
element mesh representative of the part geometry is defined, the materials are  
selected, the gate location is defined and the initial processing variables are intro-
duced. Then, after launching the simulation the outputs are analyzed. A trial-and-
error process is applied, where the initial conditions, in what concerns geometry, 
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material and/or processing conditions are modified until the desired results are ob-
tained. This process can be very complex since in most cases multiple criteria are 
to be optimized simultaneously. Also, the finding of a global optimum solution is 
not guaranteed. 

The methodology proposed in this work integrates the computer simulations of 
the injection molding process, an optimization methodology based on evolutionary 
algorithm and multi-objective criteria in order to establish the set of operative 
processing variables leading to a good molding process. The optimization meth-
odology adopted is based on a Multi-Objective Evolutionary Algorithm (MOEA) 
[11], due to multi-objective nature of most real optimization problems, where the 
simultaneous optimization of various, often conflicting, criteria is to be accom-
plished [10-15]. The solution must then result from a compromise between the dif-
ferent criteria. Generally, this characteristic is taking into account using an  
approach based on the concept of Pareto frontiers (i.e., the set of points represent-
ing the trade-off between the criteria) together with an MOEA. This enabled the 
simultaneously accomplishment of the several solutions along the Pareto frontier, 
i.e., the set of non-dominated solutions [14, 15]. 

The link between the MOEA and the problem to solve is made in two different 
steps (see flowchart of Fig. 1). First, the population is randomly initialized, where 
each individual (or chromosome) is represented by the binary value of the set of 
all variables. Then, each individual is evaluated by calculating the values of the re-
levant criteria using the modeling routine (in this case CMOLD). Finally, the re-
maining steps of a MOEA are to be accomplished. To each individual is assigned 
a single value identifying its performance on the process (fitness). This fitness is 
calculated using a Multi-Objective approach as described in details elsewhere [12, 
15]. If the convergence criterion is not satisfied (e.g., a pre-defined number of 
generations), the population is subjected to the operators of reproduction (i.e., the 
selection of the best individuals for crossover and/or mutation) and of crossover 
and mutation (i.e., the methods to obtain new individuals for the next generation). 
The RPSGAe uses a real representation of the variables, a simulated binary  
crossover, a polynomial mutation and a roulette wheel selection strategy [11, 14]. 

3   Injection Molding Optimization 

The optimization methodology proposed will be used for setting the processing 
conditions of the molding shown in Fig. 2, which will be molded in polystyrene 
(STYRON 678E). The relevant polymer properties used for the flow simulations 
were obtained from the software (CMOLD) database. A mesh with 408 triangular 
elements has been used. The simulations considered the mold filling and holding 
(post-filling) stages. A node near the P1 position, pressure sensor position (see 
Fig. 2) was selected as a reference point for this study. The processing variables to 
optimize and allowed to varied in the simulations in following intervals were: in-
jection time, tinj ∈ [0.5; 3] s (corresponding to flow rates of 24 and 4 cm3/s, re-
spectively), melt temperature, Tinj ∈ [180; 280] ºC, mold temperature, Tw ∈ [30; 
70] ºC, holding pressure, Ph ∈ [7; 38] % of maximum machine injection pressure, 
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with fixed switch-over point, SF/P, at 99%, holding time, t2P, of 30s and timer  
after hold pressure of 15s. 

For the results produced by the modeling programme two process restrictions 
were imposed: i) the molding has to be completely filled, obviously no short-shots 
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Fig. 1 Flowchart of the MOEA applied for the optimization of the injection molding process 

 
Fig. 2 Die insert of the injection molding part with 2 mm of thickness (dimensions in mm) 



Using Multi-objective Evolutionary Algorithms in the Optimization  361
 

were admitted and ii) the computed values of the maximum shear stress and 
strain-rate were limited to their critical values (defined on the CMOLD database) 
in order to avoid potential defects (e.g., melt fracture). 

The criteria used are the following: 

1) The temperature difference on the molding at the end of filling, dT = 
(Tmax-Tmin), was minimized to avoid part distortions and warpage due to 
different local cooling rates, dT∈ [0; 20] ºC; 

2) The volumetric shrinkage of the moldings was minimized, VS ∈ [0; 15] 
%; 

3) The maximum mold pressure was minimized, reducing the clamping 
force, Pmax ∈ [1; 70] MPa; 

4) The cycle time was minimized, increasing productivity, tc ∈ [30; 35] s; 
5) The pressure work, defined as the integral of pressure, P, along the time, 

t: 

                                      
0

( )
ct

PW P t dt= ∫                                               (1) 

was to be minimized in order to diminish the residual stress, the energy 
consumption and to reduce the mechanical efforts supported by the 
equipment, PW∈ [0; 200] MPa.s. 

The RPSGAe was applied using the following parameters: 50 generations, cross-
over rate of 0.8, mutation rate of 0.05, internal and external populations with 100 
individuals, limits of the clustering algorithm set at 0.2 and NRanks = 30. These 
values resulted from a carefully analysis made in a previous paper [11]. Since the 
aim of this work is to study the applicability of the optimization methodology in 
the injection molding process taking into account the various criteria identified 
above, the 20 optimization runs identified in Table 1 were carried out. Runs 1 to 9 
considered 2 criteria simultaneously, runs 10 to 19 considered 3 criteria and run 20 
all the 5 criteria. 

Table 1 Criteria used in each process optimization run 

Run Optimized criteria  Run Optimized criteria 

1 VS and dT  11 VS, dT and tc 

2 VS and Pmax  12 VS, dT and PW 

3 VS and tc  13 VS, Pmax and tc 

4 VS and PW  14 VS, Pmax and PW 

5 PW and dT  15 VS, tc and PW 

6 PW and Pmax  16 PW, dT and Pmax 

7 PW and tc   17 PW, dT and tc 

8 tc  and dT   18 PW, Pmax and tc 

9 tc  and Pmax  19 tc , dT and Pmax 

10 VS, dT and Pmax   20 All criteria  
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4   Results and Discussion 

Fig. 3 shows the results obtained when 2 criteria are used simultaneously (for runs 
4 to 7 as an example). The optimization algorithm is able to evolve during the 50 
generations and to produce a good approximation to the Pareto frontier in all the 
cases. 
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Fig. 3 Optimization results for two criteria, runs 4 to 7. Open symbols: Pareto frontier at 
50th generation; full symbols: initial population (PW – Power Work, VS – volumetric shrin-
kage, tc – cycle time, Pmax – maximum pressure, dT – temperature difference) 



Using Multi-objective Evolutionary Algorithms in the Optimization  363
 

For example, if run 4 is considered (VS – PW plot of Fig. 3), when solution 1 
(VS = 3% and PW = 29.8 MPa.s) is compared with solution 2 (VS = 1.1% and PW 
= 199 MPa.s) in what concerns the operating conditions obtained, the most rele-
vant changes are the injection temperature and the holding pressure (solution 1: tinj 
= 2.6 s, Tinj = 207 ºC, Tw = 31 ºC and Ph = 7%; solution 2: tinj = 2.6 s, Tinj = 223 
ºC, Tw = 30 ºC and Ph = 29 %). Both changes contribute to the increase of PW and 
consequently to the decrease of VS. The increment of Tinj decreases the melt vis-
cosity, promoting a better packing of the material during the holding phase, so re-
ducing shrinkage. Furthermore, increasing PW does not increase the cycle time as 
would be expected. Interestingly, Pmax and dT both slightly decrease with PW, but 
the changes on these variables is small. 

Fig. 4 shows that when 3 criteria are used (Fig. 4 – left), a compromise between 
all the criteria considered is attained. Some of the Pareto solutions produced seem 
to be dominated in the individual 2 criteria plots. Identical conclusion can be made 
when 5 criteria are used (Fig. 5 – left): the Pareto frontier results from the com-
promise between all the 5 criteria. Figures 4 and 5 show also that the optimization 
algorithm is able to attain good solutions when compared with the 2 criteria cases 
(Figs. 4 and 5 – right). 

Finally, the selection of a single solution (from the set of non-dominated solu-
tions) to use in the real process depends on the articulation of preferences between 
the different criteria [16]. Due to its complexity, this is not subject of this text but 
will be considered in a near future [16]. 
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Fig. 4 Optimization results for 3 criteria of run 13 – left; and comparison with runs 2 and 3 
– right (open symbols: Pareto frontier at 50th generation; full symbols: initial population) 
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Fig. 5 Optimization results for 5 criteria of run 20 – left; and comparison with runs 4, 6 and 
8 – right (open symbols: Pareto frontier at 50th generation; full symbols: initial population) 

5   Conclusions 

A multi-objective optimization methodology based on Evolutionary Algorithms 
(MOEA) was applied in the optimization of the processing conditions of polymer 
injection molding process. The algorithm is able to take into account the multiple 
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criteria used and, with a single run, to obtain a complete trade-off of solutions. 
The results produced have physical meaning which can be justified by the analysis 
of the process. 
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A Multiobjective Extremal Optimization
Algorithm for Efficient Mapping in Grids

Ivanoe De Falco, Antonio Della Cioppa, Domenico Maisto, Umberto Scafuri,
and Ernesto Tarantino

Abstract. Extremal Optimization is proposed to map the tasks making up a user
application in grid environments. To comply at the same time with minimal use
of grid resources and maximal hardware reliability, a multiobjective version based
on the concept of Pareto dominance is developed. The proposed mapper is tested on
eight different experiments representing a suitable set of typical real–time situations.

1 Introduction

Grid is a decentralized heterogeneous multisite system which, aggregating multi–
owner resources spread across multiple domains, creates a single powerful
collaborative problem–solving environment. Thus, given a grid constituted by
several sites, each containing one or more nodes, the communicating tasks of a
parallel application could be conveniently assigned to the grid nodes which, selected
on the basis of their features and load conditions, result to be the most suitable to
execute them. However, when parallel applications are executed together with the
local workloads, i.e. on non–dedicated grid systems, maximizing parallel efficiency
and minimizing influence on performance is an open challenge. Obviously, in
absence of information about the communication timing, the co–scheduling of the
communicating tasks of a parallel application must be guaranteed to avoid possible
deadlock conditions [1].

Often the search for one single site onto which to map all the tasks making up the
application could fail to fulfil all these needs. Thus, a multisite mapping tool, able
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to choose among resources spread over multiple sites and to match applications
demands with the grid computing resources, must be designed.

Our mapper is designed to perform a multiobjective optimization and distribute
the application tasks among the nodes minimizing the use of grid resources and,
at the same time, satisfying also Quality of Service (QoS) [2] requirements, in
particular maximizing reliability by preferring devices, i.e. processors and links
connecting the sites to internet, which only seldom are broken. Since mapping is an
NP–complete problem [3], several evolutionary–based techniques have been used to
face it in a heterogeneous or grid environment [4, 5, 6]. Although the problem shows
correlations among variables due to communications, the use of a parameter–wise
evaluation of the objective function is possible. Therefore we introduce in literature
Extremal Optimization (EO) [7, 8], a coevolutionary algorithm, to face mapping.

Besides, to provide the user with a set of mapping solutions, each with different
balance for use of resources and reliability, a multiobjective version of EO based on
the Pareto method [9] is here designed. Peculiar issues of our mapper are a multisite
approach and the view of the nodes making up the sites as the lowest computational
units taking their reliabilities and loads into account.

In the following, section 2 outlines EO method and its multiobjective version
developed by us and section 3 describes our view on the mapping problem and its
formalization in terms of EO. Section 4 reports on the test problems experienced
and shows the findings achieved, while section 5 contains our conclusions.

2 Extremal Optimization

The Bak–Sneppen model [10] simulates an ecosystem based on the principle that
evolution progresses by selecting against the few most poorly adapted species,
rather than by breeding those species well adapted to the environment. According
to this model, each component of the ecosystem corresponds to a species which
is characterized by a fitness value. The evolution is driven by a process where
the least fit species is selected for a random update and also its closest dependent
(i.e. most correlated) species have their fitness replaced. EO draws upon the Bak–
Sneppen mechanism and represents a successful method for the study of NP–hard
problems [7, 8]. For minimization problems, our modified version of EO proceeds
as in Algorithm 1. It works with a single solution S made of a given number of
components si, each of which is a species representing a variable of the problem and
is assigned a fitness value φ i. At each time step, S is evolved by randomly updating
its worst component. We choose the “worst” component probabilistically. During
our preliminary experiments for multiobjective mapping the selection probability
used in the probabilistic version of EO (i.e. τ-EO) based on a parameter τ depending
on problem size has led to behaviours ranging from random walk dynamics to
deterministic ones for very small variations of τ . Therefore we have preferred to
use an exponential ranking, which has shown more stable dynamics, so we order
the species for increasing fitness values, then we assign to the generic species with
i–th position in ranking a probability of being selected pi = q · (1− q)i where q is
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Algorithm 1. Pseudocode of the EO algorithm
begin

initialize solution S at will
set Sbest := S
while maximum number of iterations Niter not carried out do

evaluate φ i for each variable si of the current solution S
rank the variables si based on their fitness φ i

choose probabilistically the variable s j with the worst fitness
choose S′ ∈ Neighbour(S) such that s j must change
accept S := S′ unconditionally
if Φ(S) < Φ(Sbest) then

set Sbest := S
end if

end while
return Sbest and Φ(Sbest)

end

a real number in [0.0,1.0] and a parameter of EO. Once chosen probabilistically
the worst species in S, we have to perform a “move” to get to a neighboring
solution S′ ∈ Neighbour(S). Since moving a task has a direct influence on the
communications it has to perform with the other tasks, we define a neighbor S′
of a given solution S as one obtained by moving a task Ti in S, chosen based on
the above mechanism, from a site Si to a random node in another site Sk, and by
moving to random nodes belonging to Sk also any other task which communicates
with Ti more than it does with any other task. Then S′ becomes the new solution S,
its overall fitness Φ is computed and, if is better than the current best Sbest , replaces
it. These actions are repeated for a maximum number of iterations Niter .

2.1 Multiobjective Extremal Optimization

Since mapping is a multiobjective problem, it can be profitably faced by using an
approach based on the concept of the so–called Pareto optimal set [9]. With this
mechanism, a set of “optimal” solutions emerges in which none of them can be
considered to be better than any other in the same set.

The EO mechanism is here modified to face multiobjective problems. Let
us suppose to have two objectives to optimize. At each time step, the current
solution variables are ranked for any objective as in Algorithm 1. The aim is
to choose either one or two of the different rankings and, consequently, get
the related “worst” variable(s) changed. So we can push the search mechanism
towards either one or two objectives. This has been done because preliminary
experiments have shown that executions attempting at optimizing at the same
time both the objectives at any iteration lead to evolutions trapped in the central
part of the theoretical Pareto front, and its extremal points, i.e. the best solutions
for the two objectives, are never reached. This “saw–tooth” behaviour, instead,
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allows to obtain the whole Pareto front and the best solutions as well. The two
objectives are mapped in the interval [−1.0,1.0] to three contiguous segments
I1 = [−1,−0.5[, I2 = [−0.5,0.5] and I3 =]0.5,1.0]. The first objective is
associated to I1, the second one to I3 and, finally, both the objectives are linked
to I2. The above values are the result of preliminary experiments. Moreover,
a real number r is computed as r = (1 − t

N ∗ 2), where N is a parameter
for EO and t is the current time step within [0,N − 1]. The objective(s)
associated to the segment into which r falls is(are) selected and at each EO
iteration the related “worst” variable(s) is(are) changed. For any iteration a
new solution is proposed which can enter the current Pareto set and replace
the solutions it dominates in that set. As the number of iterations increases
better and better solutions will likely be found and stored according to the
Pareto criterion so that the Pareto front will shift towards the theoretically best
one.

3 Mapping in Grids

We assume to have an application subdivided into P tasks to be mapped on n (n≤ P)
nodes. Each node is identified by an integer value in the range [1,N], where N is the
total number of available grid nodes.

The number of instructions αi computed per time unit on each node i, and
the communication bandwidth βi j between any couple of nodes i and j must be
known a priori. This information is supposed to be either statistically estimated
in a particular time span or collected by tracking periodically and by forecasting
dynamically resource conditions [12, 13]. For example, in Globus [2], a standard
grid middleware, similar information is gathered by the Grid Index Information
Service (GIIS) [13].

As grids address non–dedicated resources, their local workloads must be
considered to evaluate the computation time of the tasks. Prediction methods exist to
take account of non–dedicated resources [14, 15]. We suppose to know the average
load �i(Δ t) of the node i at a given time span Δt with �i(Δt) ∈ [0.0,1.0], where a
higher value means a higher load. Hence (1− �i(Δ t)) ·αi is the power fraction of
the node i available for execution of grid tasks.

As regards the resources requested by the application task, we assume to know
for each task k the number of instructions γk and the amount of communications ψkm

between the k–th and the m–th task ∀m �= k. This information can be obtained either
by a static program analysis or by using smart compilers or by other tools able to
generate them. For instance the Globus Toolkit includes an XML standard format to
define application requirements [13].

Finally, information must be known about the degree of reliability of any
component of the grid in terms of fraction of actual operativity πz for the processor
z and λw for the link connecting to internet the site w to which z belongs. These
values can be gathered by means of a historical and statistical analysis, and range in
[0.0,1.0] where a higher value means a better reliability.
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Encoding. Any mapping solution is represented by a vector μ of P integers
ranging in the interval [0,N − 1], whose generic component μi = j means that the
solution maps the i–th task of the application onto node j of the grid.

Fitness. We have the following two fitness functions, one for each objective.
Use of Resources. Denoting with τcomp

i j and τcomm
i j respectively the computation

and the communication times to execute the task i on the node j it is assigned to,
the total time needed to execute i on j is τi j = τcomp

i j + τcomm
i j . It is evaluated on the

basis of the computation power and of the bandwidth which remain available once
considered the local and grid workloads. We set φ i

1 = τi j for each task. The fitness
function for the use of resources is then the maximum among those values:

Φ1(μ) = max
i∈[1,P]

{φ i
1} (1)

This definition of the above parameter–wise objective function aims to search for
the smallest fitness value among these maxima, i.e. to find the mapping which uses
at the minimum, in terms of time, the grid resource it has to exploit at the most.

Reliability. If μi denotes the node onto which the i–th task is mapped and w the
site this node belongs to, the fitness function φ i

2 for the i–th component is equal to
πμi ·λw. Then, the fitness function for the whole solution is:

Φ2(μ) =
P

∏
i=1

πμi ·λw (2)

The first fitness function should be minimized and the second maximized. We face
this two–objective problem with a Multiobjective EO (MEO) algorithm based on the
Pareto–front approach, as described in section 2.1; at the end of the run we propose
to the user all the solutions present in the final Pareto set.

4 Experimental Results

For our experimental framework we assume a multisite grid composed of ten sites
with a total of N = 184 nodes, indicated by the external numbers from 0 to 183 in
Fig. 1. For example 50 in Fig. 1 is the third of the 8 nodes in the site C. The values
for the computing powers, the communication bandwidths and the load conditions
of the grid nodes, and the hardware reliabilities should be chosen conveniently since
it is in this way easier, by arranging suitably experiments, to know the optimal
solutions and thus assess the goodness of the solutions achieved by MEO.

Without loss of generality we suppose that all the nodes in a same site have the
same power α . For example all the nodes belonging to C have α = 1500 MIPS.

As for the bandwidth, we denote with βii the one for two communicating tasks
being executed on the same node i, and with βi j that for two tasks being executed
one on the node i and the other on the node j. The former represents the intranode
communication, whereas the latter denotes either the intrasite (when the nodes i
and j belong to the same site) or the intersite communication (when the nodes i
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Fig. 1 The grid architecture

Table 1 Intersite and intrasite bandwidths expressed in Mbit/s

A B C D E F G H I J

A 100
B 2 200
C 2 2 200
D 4 4 4 400
E 4 4 4 4 400
F 8 8 8 8 8 800
G 16 16 16 16 16 16 1000
H 16 16 16 16 16 16 16 1000
I 32 32 32 32 32 32 32 32 2000
J 32 32 32 32 32 32 32 32 32 2000

Table 2 Reliability for the nodes

Sites A B C D E F G H I J

π 0.90 0.92 0.94 0.96 0.98 0.99 0.97 0.95 0.93 0.91

and j belong to different sites)(Table 1). For the sake of simplicity we presume that
βi j = β ji and that βii = 100 Gbit/s ∀i ∈ [1,N].

Moreover we suppose that π values are different from site to site and are the same
for all the nodes in a same site (Table 2).

As literature lacks a set of heterogenous computing benchmarks, to evaluate the
effectiveness of our MEO we have conceived four different scenarios: one with
heavy communications among tasks, one with lighter communications, another in
which local node loads are present and a final in which the reliability values of two
links decrease. To test the behavior of the mapper also as a function of P, two cases
have been dealt with: one in which P = 20 and another with P = 60.

After a tuning phase Niter has been set to 200,000, N to 2,000 and q to 0.95. All
the tests have been made on a 1.5 GHz Pentium 4. For each problem 20 MEO runs
have been performed, differing in the seeds for the random number generator. Each
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run takes about 20 seconds for P = 20 and 160 seconds for P = 60. Henceforth we
denote by μΦ1 and μΦ2 the best solutions found in terms of lowest maximal resource
utilization time and of highest reliability, respectively.

Due to lack of space, we will hereinafter discuss the experiments with P = 60
only and will present the extremal solutions explicitly just for the first experiment,
whereas the other ones will be reported concisely as a list whose generic component
has the format: S (P : T ) where S is the site name, P the number of nodes used
in that site and T the number of there allocated tasks.

Experiment 1. It regards an application of P = 60 tasks divided into three
groups G1, G2 and G3 of 20 tasks each. Each task in G1 has γk = 90,000 Mega
Instrictions (MI), communicates only with all those in G3 with ψkm = 300 Mbit
∀m ∈ [41, . . . ,60]. Each one in G2 has γk = 900 MI, communicates only with
all those in G3 with ψkm = 1,000 Mbit ∀m ∈ [41, . . . ,60]. Each one in G3 has
γk = 90 MI, communicates also with all the others in the same group with ψkm =
3,000 Mbit ∀m ∈ [41, . . . ,60]. Moreover �i(Δ t) = 0.0 for all the nodes and λw =
1.0 ∀w ∈ {A,B. . . . ,J}. This problem is quite balanced between computation and
communication, and, when use of resources in considered, MEO should find an
extremal solution distributing all the tasks in nodes belonging to the sites showing
a good balance between these two features, i.e. those of D, E, F and G. Nodes of
F should be preferred, instead, when reliability is dealt with. Any execution of the
mapper finds out several solutions, all non–dominated in the final Pareto front. The
best mappings provided by MEO are:

μΦ1 = {76,95,92,82,88,98,84,91,79,103,77,73,72,91,72,78,100,74,73,85,

73,90,91,80,93,94,82,77,79,93,77,101,102,81,90,86,75,92,87,79,

86,102,99,87,101,95,94,74,88,81,98,80,93,78,75,76,89,83,97,103}
with Φ1 = 349.706s,Φ2 = 0.297 and

μΦ2 = {113,108,108,104,115,110,117,110,114,115,104,122,116,123,104,

112,117,117,123,116,113,118,109,104,114,123,115,110,110,112,

106,104,115,123,120,108,106,119,115,110,123,116,114,106,106,

115,111,114,107,118,118,110,119,112,107,118,105,114,116,121}
with Φ1 = 375.0s,Φ2 = 0.547. The presence of sustained computations for some
tasks and heavy communications for some others has a strong influence on the
extremal solution related to use of resources, which selects all the nodes in the site
E. This site has a good balance among number of nodes, their computing power and
intrasite bandwidth. In μΦ2 only nodes in F, the most reliable ones in the whole grid,
have been chosen, and loaded with more than one task each.

Experiment 2. It is like the former one but we have decreased the weight of
many communications. Namely, each task in G1 communicates with all tasks in
G3 with ψkm = 10 Mbit ∀m ∈ [41, . . . ,60], and each one in G2 communicates only
with all tasks in G3 with ψkm = 100 Mbit ∀m ∈ [41, . . . ,60]. Communication within
group G3 are the same as in Experiment 1. The best solutions are μΦ1 = {A(13 :
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Fig. 2 The final Pareto front achieved for run 1 of Exp. 2 and its evolution (left). Evolution
in the same run for the best values of use of resources and reliability (right)

16);B(3 : 3);C(1 : 1);D(1 : 1); I(16 : 39)} with Φ1 = 74.764s,Φ2 = 0.007 and
μΦ2 = {F(19 : 60)} with Φ1 = 434.63s,Φ2 = 0.547. In μΦ1 only nodes in the most
powerful sites A, B, C and D have been selected for the 20 computation–intensive
tasks, and those in I for the ones with higher communications. These latter have been
preferred to those in J, which have equal bandwidths, because they have higher α
values. Instead, no changes appear for the reliability, since only nodes from F are
chosen, as in the previous experiment.

Furthermore, the system proposes other non–dominated solutions better balanced
in terms of the two goals. Figure 2(left) shows the final Pareto front achieved in the
first of these runs. In it the extremal points on the front represent the two solutions
reported above, which are optimal from the point of view of one objective. The
theoretically optimal point is (0.0,1.0), i.e. the one in the top–left corner of the
figure. All the solutions belonging to it are provided as an output of MEO tool.
Those of them in the middle part of the front are better balanced and users might
prefer them to the extremal ones. Moreover, the same figure shows the evolution of
the Pareto front for this run. The extremal solutions are in most of the runs found
within 20,000 evaluations. As the number of iterations increases, the front tends
to approach the theoretically best solution, i.e. moves upwards and towards left.
Moreover, Fig. 2(right) reports the best values for use of resources and for reliability
as a function of the number of iterations.

Experiment 3. It is like the second one but we have taken into account the
node loads as well. We have set �(Δ t) equal to 0.9 for the eight nodes [0− 7] in
site A, and to 0.8 for all those in I. We expect that for resource use nodes from I,
now heavily loaded and with a very small amount of available power fraction, will
not be chosen. This time we have μΦ1 = {A(10 : 10);B(8 : 8);C(2 : 2);J(18 : 40)}
with Φ1 = 70.360s,Φ2 = 0.003 and μΦ2 = {F(20 : 60)} with Φ1 = 387.508s,Φ2 =
0.547. In μΦ1 the most computation–bound tasks use some of the most powerful
nodes from A (but none of the eight loaded ones), B and C, while all those with
higher communications have been placed onto nodes in J, as good as those in I for
the communication, but now with a higher power fraction. In μΦ2 , as before, all
tasks are loaded onto nodes belonging to F.
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Table 3 Experimental results

exp. N. 1 2 3 4 5 6 7 8

Φb
1 349.70 74.76 70.36 70.36 86.25 31.87 31.87 31.87

see text {A(7:7);I(9:13)} {A(8:8);I(1:1);J(9:11)} {A(7:7);J(8:13)} {A(7:7);J(8:13)}

Φ∗
2 0.297 0.007 0.003 0.003 0.186 0.208 0.208 0.207

〈Φ1〉 378.186 75.99 77.223 76.459 86.25 31.875 31.875 31.87
σΦ1 11.173 1.665 2.914 2.443 0.0 0.0 0.0 0.0

Φb
2 0.547 0.547 0.547 0.160 0.817 0.817 0.817 0.543

see text {F(13:20)} {F(13:20)} {F(14:20)} {G(13:20)}

Φ∗
1 375.00 380.39 387.50 567.08 182.25 180.07 180.07 225.06

〈Φ2〉 0.547 0.547 0.547 0.160 0.817 0.817 0.817 0.543
σΦ2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Experiment 4. The scenario is the same as in the previous case, but we have
decreased the reliability of the links related to the sites E and F, which fall down
to λE = λF = 0.95. We expect that these changes yield a μΦ2 which no longer
contains nodes from F. The best solutions found are μΦ1 = {A(10 : 10);B(8 :
8);C(2 : 2);J(18 : 40)} with Φ1 = 70.360s,Φ2 = 0.003 and μΦ2 = {G(16 : 60)}
with Φ1 = 557.085s,Φ2 = 0.160. Now μΦ2 contains only nodes from G, showing
the shift from the now worse connected site F to a better connected one, as hoped.
Instead, μΦ1 is the same an in Experiment 3.

Besides the results for P = 60, also the findings and the best extremal solutions
in concise form for P = 20 (Experiments 5 to 8) are reported in Table 3. In it for any
test Φb

1 and Φb
2 denote the best fitness values for the two objectives, while Φ∗

2 and
Φ∗

1 represent the corresponding values for the other objective. For any objective,
also the average 〈Φ〉 and the variance σΦ computed over the 20 runs are shown.
Table 3 evidences that the experiments 5− 8 with P = 20 have a variance of 0.0,
showing MEO robustness with respect to the initial random seeds. The tests 1− 4
with P = 60 show very good robustness when reliability is accounted for, and a
non–zero variance when use of resources is considered.

5 Conclusions

In this paper a multisite multiobjective tool based on Extremal Optimization has
been proposed to map parallel applications on grid systems. To consider at the
same time two objectives, i.e. minimal use of grid resources and maximal hardware
reliability, a version based on Pareto dominance has been developed.

The proposed mapper has been tested on eight experiments differing in number of
tasks making up the application, weight of communications, load of the grid nodes
and faults in site links. These cases represent a set of typical real–time situations,
and in all of them the tool has provided the expected solutions.
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MEO has two very interesting features when compared to other multiobjective
mappers, also implemented by us [16], based on Differential Evolution, the results
of which are not shown here due to lack of space. The first feature consists in its
higher speed [16], and the second in its ability to provide in the Pareto set also
the theoretically best extremal solutions (especially those for the use of resources),
which are sometimes missed by the other mappers.
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Interactive Incorporation of User Preferences in
Multiobjective Evolutionary Algorithms

Johannes Krettek, Jan Braun, Frank Hoffmann, and Torsten Bertram

Abstract. This paper proposes a novel interactive scheme to incorporate user pref-
erences into evolutionary multiobjective optimization. The approach combines an
evolutionary algorithm with an instance based supervised online learning scheme
for user preference modeling. The user is queried to compare pairs of prototype so-
lutions in terms of comparability and quality. The user decisions form a preference
model which induces a ranking on the population. The model acts as a critic in the
selection among non-dominated solutions on behalf of the expert. The user prefer-
ence is extrapolated from a minimal number of pairwise comparisons to minimize
the burden of interactive expert decisions. The preference model includes the con-
cept of comparability to allow simultaneous convergence to multiple disconnected
regions of the Pareto front. The preference model comprehends the specific pref-
erence scenarios of scalar optimization, goal oriented scenarios, ranking of criteria
and global approximation of the Pareto front. It thus represents a general scheme
for interactive optimization that does not depend on prior assumptions on either the
problem or user preference structure.

1 Introduction

The issues of search and decision making are inherently intertwined in multiob-
jective optimization. The goal of evolutionary search is to generate a represen-
tative set of Pareto optimal solutions, out of which the decision maker selects
the solution that best matches his preferences. A posteriori preference articula-
tion works well for multiobjective problems with few criteria in which the evolved
discrete population of non-dominated solutions is a suitable approximation of the

Johannes Krettek · Jan Braun · Frank Hoffmann · Torsten Bertram
Chair for Control and Systems Engineering
Technische Universität Dortmund, 44221 Dortmund
e-mail: johannes.krettek@tu-dortmund.de
http://www-rst.e-technik.tu-dortmund.de

J. Mehnen et al. (Eds.): Applications of Soft Computing, AISC 58, pp. 379–388.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2009



380 J. Krettek et al.

actual Pareto front. In a priori preference articulation the decision maker speci-
fies his utility function in advance, that transformes the multiobjective problem
into a scalar problem. For most practical problems such an approach is unfeasi-
ble, as the decision maker is usually unable to specify global trade-offs among
conflicting objectives in particular as he lacks knowledge of feasible alternative
solutions prior to the search. The handling of preferences in multiobjective evo-
lutionary optimization and the related topic of multicriteria decision making is
addressed by C. Coello in [1]. A more recent survey on preference incorpora-
tion and interaction is given by Rachmawati et al. in [8]. As a remedy to a pri-
ori or a posteriori decision making progressive preference articulation interleaves
search and decision making in that the decision maker expresses his preferences
among current non-dominated solutions and the trade-offs among the objectives
are adjusted accordingly in future search. The decision process is easier than in
a priori preference articulation as the decision maker only compares alternative
solutions rather than to specify an absolute quantitative utility of solutions. Eval-
uating every candidate solution is practically unfeasible as the large number of
selection decisions in evolutionary optimization imposes an unacceptable burden
on the decision maker. Therefore, the decision maker only articulates his prefer-
ences on a representative subset of non-dominated solutions, from which a global
preference model is inferred. Examples of this approach include probabilistic trade-
off development (PROTRADE) [5], progressive articulation of preferences (STEP)
[2] and sequential multiobjective problem solving (SEMOPS) [6]. An interactive
tool for choosing solutions from evolutionary optimization is presented by Deb et
al. in [3]. Our approach to progressive preference articulation is novel as it does
not assume a specific model of user preferences, but rather follows the instance
based learning paradigm. The preference relation among arbitrary solutions is in-
ferred from a set of training solution pairs for which the decision maker explic-
itly states his preferences. Our scheme also accounts for the non-comparability
of solutions, a concept that is not captured by preference of one solution over
another.

2 Interactive Preference Articulation

It is difficult for an expert to quantify preferences and trade-offs among mul-
tiple objectives in particular when lacking knowledge about feasible alternative
solutions. It is much easier for a decision maker to articulate his preferences dur-
ing the optimization in cognizance of alternative compromise solutions. Interactive
preference articulation raises a number of questions, that have been previously ad-
dressed in numerous publications on decision making in multiobjective evolutionary
optimization [7, 9]:

1. When and which prototype solutions are presented to the decision maker?
2. Which decision does the user take?
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3. How does the user decision effect the selection in future evolutionary
optimization?

2.1 Pairwise Solution Comparison Scheme

Ideally the expert states his mutual preference or ranking among all solutions of
the current population. In this case selection exactly mimics the experts true utility
function rather than an approximation of that function. However, such a complete
interaction exceeds the human capability of data processing even in modest op-
timization problems. The set of non-dominated solutions typically contains many
more alternatives than the expert is willing to evaluate. Therefore the interactive
decision making is restricted to a reduced set of prototype solutions generated by
clustering the current Pareto set.

In our scheme a hierarchical clustering algorithm identifies N clusters that best
represent the set of n solutions, of which each is associated to its nearest cluster cen-
ter. The user expresses his preferences by pairwise comparison of the cluster pro-
totypes in terms of mutual quality and comparability. Solutions Si = {xi, f (xi)} are
represented by their parameter vector xi and their criteria vector f (xi). The expert
compares two solutions Si, S j in terms of their mutual preference σ(Si,S j)∈ [−1,1].
In the extreme cases σ(Si,S j) = 1 and σ(Si,S j) = −1 either Si is totally pre-
ferred over S j or vice versa. The expert deems the two solutions as equal for
σ(Si,S j) = 0, whereas any value in between indicates weaker preference for ei-
ther of the solutions. In addition the expert classifies the degree of comparability
ρ ∈ [0,1] of two solutions. In case ρ = 1 the two solutions are fully compara-
ble. Notice, that there is a fundamental difference between judging two solutions
as equal σ = 0 or as incomparable ρ = 0. In the former case the two solutions
are subject to a competition in which they are considered equal. In the later case
the two solutions are not compared and do not compete with each other. Com-
petition and selection are restricted to subsets of comparable solutions. The set
Dσ of pairwise evaluations of prototype solutions {Si, S j} provide the training
instances.

2.2 Preference Estimation Based on Pairwise Similarity

The preference relationship among all individuals in the current generation of the
optimization is imposed from the preference model induced by the training data
set Dσ . The preference model relies on a nearest neighbor scheme, in which the
prediction is based on the similarity of the query with instances in Dσ . The similarity
of the query pair {Pk, Pl} with an instance {Si, S j} in Dσ is computed based on their
distance in the normalized objective space given by

Δ({Pk,Pl},{Si,S j}) = || f (xk)− f (xi)||+ || f (xl)− f (x j)|| (1)
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The similarity weight of a training pair is determined by a distance based Gaussian
kernel

w({Pk,Pl},{Si,S j}) = exp

(

−Δ({Pk,Pl},{Si,S j})
dmin

)

(2)

in which dmin denotes the mean minimal distance of the members of the current
population in objective space.

The estimated preference of the query pair is computed by the similarity weighted
average preference relation of training pairs

σ̂(Pk,Pl) =
∑i, j σ(Si,S j)w({Pk,Pl},{Si,S j})

∑i, j w({Pk,Pl},{Si,S j}) (3)

The comparability ρ̂ of each pair is estimated in a similar manner:

ρ̂(Pk,Pl) =
∑i, j (ρ(Si,S j)−1)w({Pk,Pl},{Si,S j})

∑i, j w({Pk,Pl},{Si,S j}) (4)

2.3 Preference Controlled Selection Mechanism

The instance based preference model predicts the pairwise preference and compa-
rability of each solution with the n− 1 other members of the set of non-dominated
solutions. The solutions are ranked according to their estimated preference and com-
parability based on their relative performance index defined by

γσ (Pk) =
∑n

l=1 σ̂(Pk,Pl)ρ̂(Pk,Pl)
∑n

l=1 ρ̂(Pk,Pl)
(5)

The performance index captures the average preference of a solution in the context
of its comparable competitors. Rather than to strive for a global preference order,
the comparability ρ̂ restricts competition to more or less disjunct subsets of similar
solutions. In addition the comparability index

γρ(Pk) =
n

∑
l=1

ρ̂(Pk,Pl) (6)

captures the relative density of solutions in the preference space. To support an even
distribution across the Pareto front the comparability index should be minimized.
Notice, the similarity with crowding schemes in which similar solutions are down-
graded. The objective is to simultaneously maximize γρ and minimize γσ in order
to balance exploration and exploitation. The best solutions are selected according to
a standard multiobjective selection scheme proposed by Fonseca [4], in which the
rank of an individual depends on the number of dominating solutions. The μ best
ranked non-dominated solutions with respect to preference and comparability are
selected as parents.
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Fig. 1 Evolutionary Algorithm with user preference interaction

2.4 Artificial Benchmark Preference Model

It would be problematic to rely on a human decision maker for a thorough evalu-
ation and analysis of the proposed interactive optimization algorithm. First of all
the burden of interaction would be substantial and it is questionable that a human is
able to take consistent and reproducible decision over a long time span. In order to
overcome this limitation, the human user is replaced with an artificial, transparent
user decision model for the purpose of analysis. This scheme allows the objective
evaluation of the method in reproducible scenarios at different levels of expert en-
gagement. The artificial user preference captures the proximity of a solution to either
a single or multiple hypothetical optimal targets in the normalized objective space.
The hypothetical user targets R lie close to the Pareto front albeit in the unfeasible
region of the objective space. The mutual preference for a solution pair {Si,S j} is

σM(Si,S j) =
|| f (x j)−R||− || f (xi)−R||
|| f (xi)−R||+ || f (x j)−R|| (7)

The relative preference depends on the relative distance of the two candidate solu-
tions to the target R, such that the solution closer to the target R is preferred over the
remote one.

In case of multiple targets, only solution pair of solutions with the same nearest
target obtain a mutual preference according to equation 7, whereas pairs belonging
to different targets are deemed incomparable (ρ = 0). Figures 2 compares the nom-
inal user preference model with the approximated model induced by a sample of
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Fig. 2 Preference relation of solution pairs (X,Y) according to the nominal user prefer-
ence model σM(X ,Y )(left) and the approximated model σ̂(X ,Y ) induced by ten equidistant
samples (right)

ten equidistant pairwise preference articulations. For the purpose of illustration the
objective space is one-dimensional, with two targets P1 = 35 and P2 = 65. The plots
illustrate that the nominal mutual preference σ(X ,Y) (left) and the approximated
preference σ̂(X ,Y) (right) match each other, but that discontinuities of the original
model are smoothed out due to the weighted averaging of discrete samples with a
Gaussian kernel. The comparability ρ̂(X ,Y ) shows a similar behavior.

The accuracy of the induced model quality largely depends on the number of train-
ing samples, which in turn is determined by the number of clusters c and thereby
queries per interaction and the frequency of user interactions, namely the number of
elapsed generations n between consecutive user interactions. In contrast to regres-
sion models the absolute model error is less relevant. What is more important in the
context of interactive evolutionary optimization is the impact of the approximated
user preferences on the selection decisions. The selection error is defined as the ra-
tio of parents incorrectly selected according to the approximated preferences, which
deviate from the ideal decision according to the nominal user preferences.

Table 1 shows the relationship between the number of queries and frequency of
interaction with the false selection rate during the evolution of μ = 25 parents and
λ = 100 offsprings over the course of 50 generations. The reported false selection
rates are based on the average of 10 optimization runs. The results demonstrate

Table 1 False selection rate in per cent

c = 100 c = 25 c = 10 c = 5

n = 1 2.98 3.34 4.18 5.24
n = 5 4.09 4.91 5.39 6.68
n = 10 4.90 5.75 5.98 6.92

that a substantial reduction in queries as well as interaction frequencies only causes
a moderate deterioration in selection quality. The lower selection quality is easily
compensated by a moderate increase in computational effort of the evolutionary
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algorithm. In most optimization scenarios the actual runtime of the interactive evo-
lutionary algorithm is determined by the periods of interaction with the user. The
number of queries is further reduced by focusing on those pairwise comparisons
that provide the largest information. Similar to the concept of active learning in
machine learning, in which the learner decides about the next the query, those solu-
tion pairs are presented to the decision which explicit preference evaluation has the
largest impact on the induced ranking.

3 Results

The convergence behavior of the proposed multiobjective evolutionary algorithm is
analyzed with respect to the Kursawe test function

f1(x) =
5

∑
i=1

(

−10exp

(

−0.2
√

x2
i + x2

i+1

))

f2(x) =
6

∑
i=1

(
|xi|0.8 +5sin(xi)3

)

(8)
with two objectives f1 and f2. The hypothetical user preference model is based
upon a single target PRe f = (−35;−21.5). The convergence behavior of the inter-
active multiobjective optimization is compared with a global multiobjective scheme
without user interaction in which selection is based on dominance ranking and nich-
ing mechanism only. It is also compared with a scalar evolutionary optimization for
which the weighted scalar fitness function fg = f1(x)+ 1.5 f2(x) assumes its mini-
mum at the target PRe f . It is expected that the interactive scheme is not as efficient
as the ideal scalar optimization with a priori known trade-offs but outperforms the
unbiased multiobjective convergence to the global Pareto front. The convergence
behavior is analyzed in terms of the minimal distance between the target and the
closest solution in the population. Notice, that the scalar optimization directly min-
imizes this distance as the fitness function fg is monotonic with the distance to
the target. The multiobjective scheme has no notion of proximity to the target as
all non-dominated solutions are considered equal. The interactive scheme has no a
priori knowledge of the target, but with progressive interaction forms a preference
model that captures the proximity to the target.

To visualize the convergence behavior of the proposed variants of evolutionary
algorithms, a population of λ = 50 with μ = 10 parent individuals is evolved over
20 generations. Figure 3 illustrate the evolution of the population as it progresses
toward the Pareto front. The gray level of the solutions indicates the generation
changing from light gray for the first generations to black for the final generations.
The scalar optimization with aggregated objectives shown in figure 3 leads con-
verges rapidly toward the Pareto region in the vicinity of the target PRe f =
(−35;−21.5). In case of a non-convex Pareto front, weighted aggregation might
introduce multiple local minima of the scalar objective function.

The multiobjective optimization without preference distinction among non-
dominated solutions progresses toward the global Pareto front as shown in
figure 3. As there is no notion of a target, the density of solutions along the Pareto
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front is uniform. Naturally, the convergence toward the target proceeds at a slower
rate compared to the scalar and preference based schemes.
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Fig. 3 Comparison of optimization algorithms: multiobjective optimization (left) and scalar
optimization (right)

The incorporation of preferences into the multiobjective optimization scheme
results in a faster convergence toward the target as shown in figure 4. Notice, that
the evolutionary algorithm gradually infers from the pairwise comparisons on the
underlying objective. The population evolves toward the target, albeit initially at a
slower rate. The preference model becomes more accurate with increasing number
of comparisons such that eventually the distance to the target becomes the same as
in the scalar case. Figure 4 (right) illustrates the convergence of the current best
solution toward the target over the course of evolution. The results are based on the
average progress over 25 separate runs of the evolutionary algorithm.
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Fig. 4 Preference guided optimization (left), Convergence comparison for different optimiza-
tion approaches (right)
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3.1 Interactive Optimization with Multiple Targets

The concept of incomparable enables the proposed scheme to focus the search on
multiple disconnected regions of the criteria space. This section analyzes the conver-
gence behavior for the Kursawe test function with two separate unfeasible targets.
The artificial user model has a preference for solutions closer to either of the tar-
gets with solutions that belong to different targets deemed as incomparable. The
performance of the standard MOEA, a scalar evolutionary optimization and the
proposed scheme with preference based selection is compared for an evolution-
ary algorithm with μ = 20 parents and λ = 100 offsprings. Figure 5 (left) shows
the evolution of the population over the course of optimization with two targets at
PRe f 1 = (−53;−21) and PRe f 2 = (−60;−13).
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Fig. 5 Evolution of population for two targets (left), convergence comparison for optimiza-
tion of multiple targets (right)

3.1.1 Convergence Comparison

Figure 5 (right) compares the convergence of the three variants in terms of the min-
imal distances of the best solutions to the targets. Notice, that the performance eval-
uates the proximity to both targets, convergence to a single target alone is severely
penalized. The results are based on the average of 25 statistically independent runs.
In case of the scalar optimization the results are based on the aggregation of two
independent runs with separate weighted aggregated fitness for each target for a
fair comparison. The performance is evaluated with respect to the absolute number
of fitness evaluations, which for the scalar case are evenly shared among the two
runs. The MOEA with preference incorporation not only outperforms the standard
MOEA but is also more efficient than two separate runs of the scalar optimization
with weighted aggregation. The results clearly indicate the ability of our proposed
scheme to efficiently approximate the Pareto front in regions of particular interest
to the expert. Even in case of a two objective problem, the benefits of guiding the
search by expert interaction become apparent. Once the preference model has been
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established the convergence behavior of the evolutionary algorithm is similar to the
case of an explicit scalar formulation of the expert objectives. Unlike weighted ag-
gregation the scheme is still truly multiobjective in that is not restricted to a single
target.

4 Conclusion

This contribution proposes a novel scheme for user preference incorporation in mul-
tiobjective evolutionary algorithms. The preference modeled is trained from pair-
wise comparisons of prototype solutions.The instance based learning scheme makes
no prior assumption about the structure of the user preferences and captures the en-
tire spectrum from scalar, multiple targets to purely dominance based optimization
objectives. The burden of expert interaction is limited by posing the most informa-
tive queries and adopt the frequency of interactions to the quality of the preference
model. The results on the single and multiple target scenarios indicate the ability
of our scheme to efficiently explore and focus the search on the regions of interest
to the expert. The main advantages of our scheme are its general applicability and
the tight integration of decision making and optimization. The expert establishes her
preference in light of the feasible alternatives rather than specifying her trade-offs a
priori.
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Improvement of Quantum Evolutionary Algorithm 
with a Functional Sized Population 

Tayarani Mohammad and Akbarzadeh Toutounchi Mohammad Reza∗∗ 

Abstract. This paper proposes a dynamic structured interaction among members of 
population in a Quantum Evolutionary Algorithms (QEA). The structured population 
is allowed to expand/collapse based on a functional population size and partial re-
initialization of new members in the population. Several structures are compared here 
and the study shows that the best structure for QEA is the cellular structure which can 
be an efficient architecture for an effective Exploration/Exploitation tradeoff, and the 
partial re-initialization of the proposed algorithm can improve the diversity of the 
algorithm. The proposed approach is tested on Knapsack Problem, Trap Problem as 
well as 14 numerical optimization functions. Experimental results show that the 
proposed Structure consistently improves the performance of QEA.  

1   Introduction 

Recently we proposed a ring structure sinusoid sized population for QEA 
(SRQEA) [1]. In this paper several structures and functions for the population of 
QEA are investigated to find the best population structure and function for the size 
of the population.. Size of the population is an effective parameter of the 
evolutionary algorithms and has a great role on the performance of EAs. Several 
researches investigate the effect of population size and try to improve the 
performance of EAs by controlling of the size of the population. A functional 
sized population GA with a periodic function of saw-tooth function is proposed in 
[2]. Reference [3] finds the best population size for genetic algorithms. Inspired by 
the natural features of the variable size of the population, [4] presents an improved 
genetic algorithm with variable population-size. In [5] an adaptive size for the 
population is proposed for a novel evolutionary algorithm. Reference [6] proposes 
a scheme to adjust the population size to provide a balance between exploration 
and exploitation. To preserve the diversity in the population in QEA, [7] proposes 
a novel diversity preserving operator for QEA. 
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This paper compares several structures for QEA to find the best structure for 
this algorithm and applies a novel operator that is functional sized population on 
this structure. Several functions for the population are proposed here to find the 
best function for the population. This paper is organized as follows: Section 2 
finds the best structure for QEA, Section 3 proposes the functional sized 
population, Section 4 finds the best parameters for the proposed algorithm, 
Section 5 experiments the proposed algorithm on 14 numerical functions and 
finally Section 6 concludes the proposed operator. 

2   Best Structure for QEA 

Structure of evolutionary algorithms has a grate role on the performance and 
evolution process of the algorithms. This section tries to find the best structure for 
QEA. After finding the best structure for QEA, FSQEA is proposed that uses the 
best structure which is found in this section. The structures which are examined in 
this paper are shown in fig 1. The examined structures are ring, cellular, Btree, 
cluster, Grid, Km,m, Ladder, Crossed ladder, Star, Randomh and the structure which 
is proposed in [9]. In star structure all the q-individuals are connected to each 
other and in Randomh in each iteration of algorithm each q-individual is connected 
to h q-individual randomly. To find the best structure for several examinations are 
performed on several problems. The problems which are used are Knapsack 
problem, Trap problem and 14 numerical benchmark functions. The detail of 
experiments is not analyzed here and only the overall results are discussed. For the 
dimension of 100, for the Knapsack problem and Trap problem is the cellular 
structure and the best structure for the numerical functions is the Random 
structure. For the numerical functions the best structure is Random2 and Random4 
with 4 best results, after these structures, Random6 places in third place with 3 best 
results. To find the best structure among these two structure (Cellular and 
Random2) and the original structure of QEA which is proposed in [9] the 
experiments are performed for several dimensions. Other structures are not 
examined in this step because of the limitation of time and computational 
resources. Table 1 shows the experimental results on 19 benchmark functions for 
six dimensions. For the dimension of m=25, in 4 objective functions the best 
 

 

 

Fig. 1 The compared structures. The structures from top, left to bottom right are Ring, 
Cellular, Btree, Cluster, Grid, Km,m, Ladder and Crossed-ladder 
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Table 1 The best Structure for QEA. The bold results are the best Ones. All the 
experiments are performed over 30 runs 

 m=25 m=50 m=100 m=150 m=250 m=500  
Reference[9] 4 3 4 6 3 2 %0.19

Cellular 10 14 15 10 13 14 %0.67
Random2 5 2 0 3 3 3 %0.14

structure is the original structure of QEA, the cellular structure reaches the best 
results for 10 objective functions and  Random2 structure is the best structure for 5 
objective functions. In %67 of the experiments the best structure for QEA is the 
Cellular structure, in %19 of experiments the best structure is the original structure 
of QEA and in %14 of experiments the best structure is Random2. According to 
these experiments the best structure for QEA is the Cellular structure, so we use 
the Cellular structure for QEA in the reminder of this paper. 

3   Functional Sized Population QEA (FSQEA) 

Another approach to maintain the diversity of the population and improve the 
performance of the evolutionary algorithms is using a variable size for the 
population. In [1] a variable size population is proposed for QEA that improves 
the performance of QEA. They use a sinusoid function for the size of the 
population with partially reinitialization of the q-individuals. Here to improve the 
performance of QEA, and investigate the best structure and best function for  
the population of QEA this paper uses a functional population size for QEA. In 
addition to the sinusoid function, this paper uses some other functions for QEA; 
the functions are saw-tooth [2], inverse saw-tooth, triangular, sinusoid [1] and 
square functions. Fig. 1 shows the functions which are examined in this paper. The 
pseudo code of the proposed Functional Size QEA (FSQEA) is described as 
below: 

Procedure FSQEA 
begin 

t=0 
1. initialize quantum population Q(0) with the size of nn =)0(  
2. make X(0) by observing the states of Q(0). 
3. evaluate X(0). 
4. for all binary solutions x0

i in X(t) do 
begin 

5. find neighborhood set Ni in X(0). 
6. find binary solution x with best fitness in Ni 
7. save x in Bi 

end 
8. while not termination condition do 

begin 
t=t+1 

9. )()( tftn =  

 



392 T. Mohammad and A.T.M. Reza
 
10. if n(t)>n(t-1) create random q-individuals 
11. if n(t)<n(t-1) eliminate the q-individuals with worst observed fitness 
12. make X(t) by observing the states of Q(t-1) 
13. evaluate X(t) 
14. update Q(t) based on Bi and X(t) using Q-gates 
15. for all binary solutions xt

i in X(t) do 
begin 

16. find neighborhood set Ni in X(t). 
17. select binary solution x with best fitness in Ni 
18. if x is fitter than Bi save x in Bi 

end 
end 

end 

The pseudo code of FSQEA is described as below: 

1. In the initialization step, the quantum-individuals q0
i are located in a structured 

population. Then [αi
0 βi

0]T of all q0
i are initialized with 2

1 , where i=1,2,…,n is 

the location of the q-individuals in the population, k=1,2,...,m, and m is the 
number of qubits in the individuals. This implies that each qubit individual q0

i 
represents the linear superposition of all possible states with equal probability. 
2. This step makes a set of binary instants X(0)={xi

0|i=1,2,…,n} at generation t=0 
by observing Q(0)={qi

0|i=1,2,…,n} states, where X(t) at generation t is a random 
instant of qubit population and  n is the size of population. Each binary instant, x0

i 
of length m, is formed by selecting each bit using the probability of qubit, either 
|αi,k

0|2 or  | βi,k
0|2 of q0

i. Observing the binary bit xt
i,k from qubit [αi,k

t βi,k
t]T performs 

as: 

                                   
⎪⎩

⎪
⎨
⎧ <=

otherwise1

||)1,0R(0 2
,

,

t
kit

ki
if

x
α

                                     (1) 

Where ),R( ⋅⋅ is a uniform random number generator.  

3. Each binary instant x0
i is evaluated to give some measure of its objective. In this 

step, the fitness of all binary solutions of X(0) are evaluated. 
4,5,6,7. In these steps the neighborhood set Ni of all binary solutions x0

i in X(0) are 
found and the best solution among Ni is stored in Bi. In the structured proposed 
algorithm each individual is the neighbor of itself that is xi belongs to 
neighborhood set Ni. Bi is the best possible solution, which the q-individual qt

i has 
reached. 
8. The while loop is terminated when the termination condition is satisfied. 
Termination condition here is when maximum number of iterations is reached. 
9. In the proposed algorithm, the size of the population is a function of the 
iteration number. In this step, n(t), the size of the population in iteration t, is 
calculated as a function. The functions that used in this paper are: 

Saw-tooth [3]: ⎥
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Fig. 2 a) The functions which are used for the population size. a) saw-tooth b) inverse saw-
tooth c) triangular d) sinusoid e) square. T is the period of the functions, A is the amplitude 
and P-size is the size of the population in generation t 
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Where n(t) is the size of the population in generation t, n is the average size of the 
population, A is the amplitude of the periodic function of population size, T is the 
period of the functional population, Round(.) is the round function (rounds its 
input to nearest integer), and mod(.,.) is modulus after division function. Fig 3 
shows the functions which are used in this paper. The best values for T and A are 
found in the following of this section. 
10. If n(t), the size of the population in iteration t is greater than n(t-1), it means 
that the size of the population is increased. So creating random q-individuals, until 
the size of ring structured population be equal to n(t). 
11. If n(t), the size of the population in iteration t is smaller than n(t-1), eliminate 
the q-individuals which have the worst observed solution, until the size of ring 
structured population reaches n(t). 
12. Observing the binary solutions X(t) from Q(t). 
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Table 2 The best parameters for the proposed FSQEA. The best results are the best ones 

 Saw-Tooth Inverse-Saw Sinusoid Square Triangular QEA 
 A T Best A T Best A T Best A T Best A T Best Best 

KR1 0.4 25 406.7 0.2 100 407.51 0.4 100 407.23 0.2 250 407.67 0.1 50 407.18 387.74 
KR2 0.9 100 412.62 0.4 100 412.8 0.2 50 413.05 0.4 500 412.59 0.4 100 412.72 407.43 
KP1 0.2 50 556.69 0.1 50 556.69 0.2 50 556.69 0.2 25 556.69 0.2 50 556.69 517.66 
KP2 0.4 50 406.44 0.4 25 407.56 0.2 25 407.19 0.4 250 407.49 0.1 25 405.35 388.88 
Trap 0.2 250 82.6 0.4 500 83.7 0.2 500 83.7 0.2 500 84.4 0.1 500 84.2 79.737 

f1 0.2 100 44932 0.6 100 47227 0.9 100 47678 0.4 100 45464 0.2 100 45973 32471 
f2 0.2 100 -1420 0.4 100 -1274 0.2 50 -1398 0.2 100 -1419 0.2 250 -1374 -2281 
f3 0.2 250 -17.07 0.4 100 -16.88 0.2 50 -16.98 0.2 25 -17.00 0.4 100 -17.00 -17.24 
f4 0.2 500 -22.85 0.2 250 -17.44 0.4 100 -21.22 0.2 250 -21.33 0.4 100 -20.74 -47.744 
f5 0.2 100 -1.0e5 0.4 500 -78259 0.4 500 -94385 0.4 250 -3.8e4 0.4 100 -9.0e4 -2.05e5 
f6 0.2 100 -22786 0.4 250 -18903 0.4 250 -21103 0.2 100 -2.2e4 0.4 250 -2.1e4 -49138 
f7 0.2 250 32.38 0.4 250 35.40 0.4 100 32.36 0.4 500 32.45 0.2 50 33.33 19.33 
f8 0.2 250 50.17 0.4 250 53.64 0.4 250 52.28 0.2 100 50.67 0.2 100 51.36 37.49 
f9 0.2 500 -2.5e5 0.4 250 -1.94e5 0.2 100 -2.27e5 0.2 100 -2.3e5 0.2 100 -2.3e5 -5.69e5 
f10 0.2 250 -3.55 0.4 500 -2.99 0.2 100 -3.33 0.2 250 -3.38 0.4 100 -3.3591 -5.5741 
f11 0.2 25 -162.19 0.2 500 -158.75 0.2 100 -161.56 0.2 250 -159 0.2 500 -163.13 -143.63 
f12 0.2 250 -7.1e6 0.4 500 -6.22e6 0.4 500 -7.8e6 0.2 100 -7.7e6 0.4 500 -7.1e6 -2.54e7 
f13 0.2 100 -39280 0.4 250 -31939 0.2 500 -37418 0.2 500 -36826 0.4 100 -34912 -1.10e5 
f14 0.6 25 -0.0057 0.6 25 -0.004 0.6 25 -0.009 0.9 50 -0.001 0.9 25 -0.0058 -1.13 

13. Evaluating the binary solutions X(t). 
14. The quantum individuals are updated using Q-gate. 
15. The “for” loop is for all binary solutions xt

i (i=1,2,…,S) in the population. 
16. Finding the neighbors of the binary solution located on the location i. 
17. Find the best possible solution in the neighborhood Ni, and store it to x. 
18. If x is fitter than Bi, store x to Bi. 

The proposed functions for the population have two cycles. One cycle is 
increasing the size of population. In the increasing cycle, the new quantum 
individuals are created and inserted in the population. Creating new random 
quantum individuals increases the diversity of the population and improves the 
exploration performance of the algorithm. The other cycle is the decreasing cycle. 
In this cycle, the worst quantum individuals of the population are eliminated. This 
treatment improves the exploitation of the algorithm by exploiting the best 
solutions and ignoring the inferior ones. This means that the proposed algorithm 
has two cycles: exploration cycle and exploitation cycle. 

4   Finding the Best Parameters 

As it seen in Fig. 1, the proposed functions have some parameters that are A, the 
amplitude and T the period of the functions. In order to find the best values for 
these parameters some experiments are performed. Fig. 1 shows the finding of the 
best parameters for the proposed FSQEA for Knapsack Problem penalty type 1 
and Generalized Schwefel Function 2.26. The best parameters for the Knapsack 
problem, Trap Problem and 14 numerical benchmark functions are found similar 
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Fig. 3 Parameter setting of FSQEA for T and A for (a) Knapsack Problem Penalty 1 (b) 
Generalized Schwefel Function 2.26 for several functions for the population. The parameters 
are set to T1 … T5=(25,100,250,500,1000) and A1 … A5= ×n (0.1,0.2,0.4,0.6,0.9) 

to the Fig 2. The best parameters and the best functions for the size of the 
population are summarized in Table 2. According to Table 2 the Inverse Saw-
Tooth function has the best results for 11 benchmark objective functions, the 
Square for 3 benchmark functions, sinusoid for 2 functions, saw-tooth function for 
1 benchmark function, and Triangular with no objective function, so the best 
function for the size of the population is Inverse Saw-Tooth function. Only for one 
objective function the best result is reached by original version of QEA and the 
proposed algorithm improves the performance of QEA for most of the objective 
functions. In order to find the best parameters for the proposed algorithm Table 3 
shows the median and standard deviation of the best parameters for 5 proposed 
functions. According to this table the best amplitude for the proposed functions in 
0.2 and best period T is 100.  

Table 3 Median and Standard deviation of the best parameters for the proposed FSQEA 

 A T 
 Mean Std Mean Std 

Saw-Tooth 0.2 0.184 100 144 
Inverse-Saw 0.4 0.124 250 177 

Sinusoid 0.2 0.18 100 179 
Square 0.2 0.17 250 168 

Triangular 0.2 0.18 100 161 

5   Experimental Results 

The proposed FSQEA is compared with the original version of QEA and 
DPCQEA[8]. In order to compare the algorithms with their best parameters, the 
best parameters for each algorithm are found independently. The experimental 
results are performed for several dimensions (m=25, 50, 100, 250, 500) of 
Knapsack Problem, Trap Problem and 14 numerical benchmark functions. The 
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Table 4 Experimental results on 14 numerical benchmark functions for m=100 and m=250. 
the results are averaged over 30 runs. Ttest shows Ttest between the results of each 
algorithm with FSQEA. The best results are the best ones 

m=100 
 FSQEA PDCQEA QEA 
 Mean Std Mean Std Ttest Mean Std Ttest 

KR1 429.79 3.66 396.62 12.27 1.76e-7 417.07 6.62 4.74e-5 
KR2 414.48 0.48 434.08 3.07 1.06e-13 412.51 1.64 0.002 
KP1 562.13 0.92 519.54 3.19 0 546.82 11.29 0.0004 
KP2 418.15 1.94 398.61 1.80 6.88e-15 406.91 4.39 7.31e-7 
Trap 81.1 0.99 82 1.05 0.06 72.2 3.55 4.79e-7 

f1 45889 1558.8 38937 2687.6 1.34e-6 34437 3984.1 1.08e-7 
f2 -1287.8 97.97 -1684.8 183.4 1.04e-5 -2096.3 199.45 9.89e-10
f3 -16.89 0.14 -16.92 0.12 0.65 -17.19 0.09 2.91e-5 
f4 -30.08 5.24 -32.48 3.15 0.23 -39.60 8.48 0.007 
f5 -1.43e5 14756 -1.46e5 15450 0.62 -1.67e5 16807 0.004 
f6 -23017 2742.1 -32625 4038.4 7.15e-6 -36949 4918.7 3.36e-7 
f7 31.17 2.53 22.69 1.40 2.93e-8 22.04 2.46 1.84e-7 
f8 50.57 1.75 46.38 3.76 0.005 38.19 3.24 3.58e-9 
f9 -2.46e5 23972 -3.62e5 35152 8.79e-8 -4.55e5 68039 3.39e-8 
f10 -4.2161 0.29 -4.34 0.94 0.67 -5.21 0.68 0.0005 
f11 -169.84 7.76 -172.19 4.15 0.41 -176.72 3.78 0.02 
f12 -1.33e7 2.53e6 -1.72e7 2.20e6 0.002 -2.56e7 9.20e6 0.0007 
f13 -49229 5885 -69515 7918.2 4.09e-6 -1.08e5 35412 5.60e-5 
f14 -0.098 0.065 -0.0005 0.0005 0.0002 -1.29 1.26 0.008 

M=250 
 FSQEA PDCQEA QEA 
 Mean Std Mean Std Ttest Mean Std Ttest 

KR1 985.45 15.85 1003.8 6.55 0.003 919.75 16.89 4.63e-8 
KR2 1010.1 5.03 1045.1 8.73 2.02e-9 975.36 18.00 1.47e-5 
KP1 1252.6 17.40 1361.2 24.44 1.07e-9 1173 30.19 1.02e-6 
KP2 994.46 10.31 183.1 4.04 8.21e-10 942.99 20.90 1.60e-6 
Trap 198.9 1.45 183 4.04 8.2e-10 157.4 9.54 6.64e-11

f1 76292 2939 66920 4602 3.71e-5 55844 5845.3 1.07e-8 
f2 -5118.9 304.75 -6360 264.68 1.36e-8 -6511 360.74 2.59e-8 
f3 -17.39 0.11 -17.21 0.02 7.61e-5 -17.62 0.11 0.0002 
f4 -134.53 10.16 -132.79 6.83 0.65 -154.42 14.04 0.002 
f5 -5.60e5 20743 -5.54e5 25772 0.58 -6.05e5 43232 0.007 
f6 -1.09e5 5039 -1.26e5 3670 4.92e-8 -1.44e5 8269.3 1.05e-9 
f7 52.24 4.39 38.38 1.85 3.25e-8 39.43 3.02 5.18e-7 
f8 93.51 5.31 94.27 5.95 0.76 73.50 5.02 7.91e-8 
f9 -1.26e6 93119 -1.42e6 75573 0.0005 -1.64e6 1.34e5 8.91e-7 
f10 -5.95 0.30 -5.97 0.36 0.91 -6.52 0.46 0.004 
f11 -189.69 2.35 -190.31 1.77 0.51 -192.03 1.36 0.014 
f12 -2.44e8 2.45e7 -2.64e8 2.36e7 0.08 -3.09e8 3.59e7 0.0002 
f13 -3.1e5 35376 -4.15e5 31888 2.19e-6 -4.81e5 72311 3.21e-6 
f14 -7.53 1.94 -0.11 0.13 4.77e-10 -20.38 6.19 6.6e-6 

average population size of all algorithms for all of the experiments is set to 25; 
termination condition is set for a maximum of 1000 generations and the structure 
of population is considered as cellular[8]. Due to statistical nature of the 
optimization algorithms, all results are averaged over 30 runs and Ttest analysis is 
performed on results. The parameter of QEA is set to Δθ=0.01π (reference [9] 
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shows this is the best parameter for QEA), the parameters of FSQEA are set to the 
best parameters found in previous section and the best parameters of DPCQEA are 
set to the best parameters proposed in [9]. 

Table.4 summarizes the experimental results on QEA, DPCQEA and FSQEA 
for Knapsack Problem, Trap Problem and 14 benchmark functions (The results for 
some dimensions are not summarized in Table.4 because of small space of the 
paper). As it seen in Table 4, FSQEA has the best results. The Ttest between the 
results of FSQEA and QEA is too small (in average about 10-5) and it means that 
the results of Table 4 has high amount of validity. 

6   Conclusion 

This paper proposes a Functional Sized population QEA with a cellular structure. 
Before proposing the functional sized QEA, the best structure for QEA is found 
that is the cellular structure. After finding the best structure for QEA, the FSQEA 
is proposed with the Cellular structure. The proposed FSQEA has several 
parameters that are investigated in this paper. Finally the experimental results are 
performed on the proposed algorithm and the improvement that is shown and the 
small amount of Ttest shows that the proposed algorithm reaches the best results 
with high validity. The time complexity of the proposed FSQEA is equal to 
original version of QEA because the average size of the population for FSQEA is 
equal to QEA and the number of function evaluations for both of algorithms is 
equal. 

The objective functions which are used here are f1:Schwefel 2.26 [6], 
f2:Rastrigin [6], f3:Ackley [6], f4:Griewank [6], f5:Penalized 1 [6], f6:Penalized 2 
[6], f7:Michalewicz [7], f8:Goldberg [2], f9:Sphere Model [6], f10:Schwefel 2.22 
[6], f11:Schwefel 2.21 [6], f12:Dejong [7], f13:Rosenbrock [2], and f14:Kennedy [2]. 
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Appendix 

In this section two combinatorial optimization problems, Trap problem and 
Knapsack problem, and 14 function optimization problems are discussed to 
evaluate the proposed SRQEA. 

Trap problem is defined as: 
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Where the function “ones” returns the number of ones in the binary string x. Trap 
problem has a local optimum in ( )0,0,0,0,0  and a global optimum in ( )1,1,1,1,1 . 

Knapsack problem is a well-known combinatorial optimization problem which 
is in class of NP-hard problems [7]. Knapsack problem can be described as 
selecting various items ix (i=1,2,…,m) with profits ip and weights iw  for a 

knapsack with capacity C. Given a set of m items and a knapsack with capacity C, 
select a subset of the items to maximize the profit f(x): 
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This paper considered: 
),1(R vwi = , ),1(R vpi =  

Where ),(R ⋅⋅ is a uniform random number generator and v=10. 

The use of QEA for solving Knapsack problem is described in [7]. 
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Optimal Path Planning for Controllability of 
Switched Linear Systems Using Multi-level 
Constrained GA 

Alireza Rowhanimanesh, Ali Karimpour, and Naser Pariz1 

Abstract. In this paper, optimal switching signal as well as control input is de-
signed for a general switched linear system using multi-level constrained genetic 
algorithms (MLCGA). Given any two states in the controllable subspace, the pro-
posed approach automatically finds optimal switching signal and control input 
which steer the system from initial state to final state in a desired feasible time. 
From optimization perspective, this problem has several linear constraints such as 
controllability condition and desired dwell time as well as desired final time. Also, 
the problem is mixed-variable when the switching indices must be integer. The ob-
jective function may be nonlinear, multi-modal and non-analytical. Generally the 
problem must be solved in two levels. At the bottom level, an optimal control input 
is found for a candidate switching signal and at the top level an optimizer searches 
for optimal switching signal. To solve this complex problem, we propose Multi-
Level Constrained Genetic Algorithms (MLCGA) which can solve this problem ef-
ficiently. As it is demonstrated by a simulation example, using the proposed  
approach an optimal switching signal with desired dwell time as well as optimal  
control input in the presence of actuator saturation can be efficiently designed. 

1   Introduction 

“Hybrid systems” is one of the most recent and hot topics in systems and control the-
ory which attracts researchers of both theoretical and practical domains. A hybrid sys-
tem includes two distinct types of components, subsystems with continuous dynamics 
and subsystems with discrete event dynamics that interact with each other. From the 
perspective of systems and control theory, a hybrid system is considered as continu-
ous systems with switching and a greater emphasis is placed on properties of the con-
tinuous state [1]. These systems are called switched systems and stability analysis and 
control synthesis are the main topics of switched systems theory.  
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Generally, a switched dynamical system is composed of a family of subsystems 
and a rule that governs a switching among them (Figure 1). As a result, besides 
subsystems a switched system also consists of a switching device usually called 
supervisor [1]. The supervisor produces the switching rule (also called switching 
signal or switching law) which orchestrates the switching among the subsystems. 
The dynamics of the switched system is determined by both the subsystems and 
the switching signal. Switched linear system is a type of switched system when the 
subsystems are linear (often linear time invariant). Switched linear system is an 
important and applied field of switched system that large amount of theorems are 
available to analyze their stability, controllability and etc.  One of the most basic 
concepts in control theory and applications is controllability. There are various de-
finitions for controllability including local and global. Controllability of a switch-
ed system is more complicated than an ordinary system with single dynamics. 
Controllability plays an important role in control of a system. Although several 
theorems are available for controllability of a switched linear system, these theo-
rems just find reachable and controllable sets. Path planning for controllability is a 
valuable concept which has been briefly introduced in [1]. Path planning for con-
trollability means finding a feasible switching signal as well as feasible control in-
put which steer the system from desired initial state to desired final state in desired 
finite time. With respect to the practical domain, there exist several objectives to 
reach the desired performance. As a result, optimal path planning is hardly re-
quired. As it is discussed in part 2, from optimization perspective, optimal path 
planning for controllability of a general switched linear system is a constrained 
problem. There are two types of constraints including constraints on switching 
signal and constraints on controllability input. Fortunately, both of these types of 
constraints are linear. Although the decision variables of control input design is 
often continuous, optimal switching signal design often includes mixed (both con-
tinuous and discrete) decision variables. Regarding the desired performance in a 
practical control system design, objective function may be nonlinear, multi-modal 
and non-analytical. Furthermore, the design process includes two levels. At the 
bottom level, an optimal control input is found for a candidate switching signal 
and at the top level an optimizer searches for optimal switching signals. In this pa-
per, we propose a general framework based on multi-level constrained genetic  
algorithms (MLCGA) to solve this complex optimization problem.  

In continue, several previous works by others are briefly considered. Ge et al. 
(2001) [2], Hihi et al. (2007) [3] and Zhijian Ji et al. (2008) [4] considered theo-
retical aspects of controllability of switched linear systems. Zongbo Hu et al. 
(2004) [5] discussed output controllability of switched power converters as 
switched linear systems. Xie et al. (2004) [6] considered the controllability of pe-
riodically switched linear systems with saturating actuators as well as Liang Lv et 
al. (2007) [7] which designed switched linear system under actuator saturation. Li 
et al. (2004) [8] designed an optimal switching law for switched linear systems 
based on convergence route. Dong Chen et al. (2004) [9] used dynamic program-
ming as well as evolutionary computing to optimally control the switched systems. 
Zhijian Ji (2006) [10] determined the number of switching as well as designing 
switching sequences for controllability of switched linear systems. 
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In comparison with the previous works, in this paper we propose a general frame-
work to design optimal switching signal as well as optimal control input for control-
lability of switched linear systems. Using the proposed approach all practical  
constraints and objectives including dwell time, actuator saturation and desired final 
time as well as any nonlinear and non-analytical objective functions can be efficiently 
considered. In continue we first introduce the mathematical preliminaries of path 
planning for controllability of a switched linear system in part 2. Next, in part 3, we  
generally formulate the problem of path planning for controllability. Then we pro-
posed MLCGA to solve this problem. At part 4, a simulation example is designed  
using the proposed approach to demonstrate the efficiency of this framework. 

2   Path Planning for Controllability of Switched Linear Systems 

2.1   General Switched Linear System 

A general non-autonomous switched linear system is shown in Figure 1. As figure 
indicates, a supervisor produces switching signal which switches the subsystems. 
Generally the subsystems are non-autonomous LTI systems. There are several 
types of switching signals. Time-driven switching law as well as state/output 
feedback switching law is the commonest one. The path planning procedure in the 
next subsection uses time-driven switching law. Regarding real world systems, the 
subsystems can not be switched very quickly. As a matter of fact for any applica-
tion a time τ  exists which for any two consecutive switching times τ;kk tt −+1  

must be satisfied. This critical time is called dwell time. Using the proposed ap-
proach in this paper, an optimal switching signal is designed with desired dwell 
time. In the next subsection, without considering the controllability theorems we 
directly deal with the path planning problem. Readers can refer to [1] to know 
more details about the controllability of switched linear systems.  

 

Fig. 1 Switched linear system (left), State space representation (right) 

2.2   Path Planning for Controllability 

According to [1], given any two states 0x  and fx  in the controllable subspace, 

path planning means finding feasible switching path σ  and control input u  to 
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steer the system from 0x  to fx  in a finite time. Using the theorems of controlla-

bility of linear switched system, [1] has formulated a procedure for this path plan-
ning. Without dealing with the details, we directly introduce the procedure here.  

Suppose 00 =t . According to [1], we can find a natural number L  (the number 

of switching), positive real numbers Lhh  ..., ,0 (switching durations), and an index 

sequence  M}{1,2,...,     ..., ,0 ∈kL iii  such that the controllability set requirements 

are satisfied. It is clear that 1,...,1     11 +=+= −− Lkhtt kkk . Regarding [1], consider 

the piecewise continuous control strategy given by 1
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k Ra ∈ , 1,...,1 += Lk  is a constant vector vari-

ables to be determined. Combining the solution of a switched linear system with 
this control strategy, the following system of equation is achieved as a linear con-
straint on a : 
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that if system (1) has feasible solution(s) then the designed switching signal and 
control strategy successfully realize the given controllability problem. 

3   Proposed Approach 

3.1   Constrained Genetic Algorithms 

GA is one of the most efficient derivative-free and global optimizers that has been 
successfully applied in many applications. In an ordinary use of GA, the problem is 
unconstrained and only the decision variables (genes) are bounded. For this case, 
several modified versions of GA have been proposed. But if the optimization prob-
lem is constrained, the ordinary crossover and mutation operators can not be used 
and handling these constraints may be difficult. Generally constrained GA is a chal-
lenging problem and it is still open for further investigations. As mentioned in  
[11-13], there are two major approaches for handling constraints in GA: A. Direct 
constraint handling which contains four methods: 1.eliminating infeasible candi-
dates, 2. repairing infeasible candidates, 3. preserving feasibility by special opera-
tors, 4. decoding such as transforming the search space. Direct constraint handling 
has two advantages. It might perform very well, and might naturally accommodate 
existing heuristics. Regarding the technique of direct constraint handling is usually 
problem dependent, designing a method for a given problem may be difficult and 
using a given method might be computationally expensive. B. Indirect constraint 
handling: Indirect constraint handling incorporates constraints into a fitness func-
tion. Advantages of indirect constraint handling are: generality (problem independ-
ent penalty functions), reducing problem to ‘simple’ optimization, and allowing 
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user preferences by selecting suitable weights. One of disadvantages of indirect 
constraint handling is loss of information by packing everything in a single number 
and generally in case of constrained optimization, it is reported to be weak. Gener-
ally, if suitable operators can be found for direct handling, undoubtedly direct 
search in the feasible space is much more efficient and faster than indirect type.  

The genetic algorithms toolbox of the recent versions of MATLAB software 
(2007 and later) efficiently handles linear and nonlinear constraints. We recom-
mend readers to use this toolbox especially for linear constraints since the toolbox 
handles linear constraints based on direct constraint handling and as a result, the 
population is kept feasible through generations. As direct constraint handling  
is faster and more effective than indirect type, we applied this toolbox in the  
simulation example at part 4. 

Table 1 The commonest constraints of two levels 

Constraints on switching signal (Top level) 
Dwell time Lkdwellhk :0    , =≥  
Maximum 
time  
to reach final 
state 

max

0

Th
L
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k ≤∑
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Constraint on  
the order of  
index sequence 

For example subsystem 2 can be selected only after subsystem 1, 
etc.  

Constraints on control input (Bottom level) 
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3.2   Problem Formulation 

According section 2, the decision variables as well as constraints can be catego-
rized in two classes including switching signal design as the top level and control 
input design as the bottom level. Several constraints can be considered for switch-
ing signal design including desired dwell time, allowed maximum time to reach the 
final state, order of switching and etc. The switching indices are discrete variables 
when the switching durations are continuous. Totally in the top level, )1(2 +× L  deci-
sion variables are available including switching indices ki  and switching durations 

kh . At the bottom level, as equation (1) shows,  a  is an )1( +× Ln  dimensional vec-

tor of decision variables with a linear equality constraint. Note that if u  is con-
strained (such as actuator saturation), this can be simply handled in design process 
as a linear constraint on  a  (Table 1). The objective function can be generally for-
mulated as a nonlinear (analytical or non-analytical) function of decision variables. 
In this paper, although we just consider single objective control design, note that 
the proposed approach is flexible enough to be applied for multi-objective design. 
Table 1 shows the details in mathematical form. Note using a simple rounding, 
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Top level constrained GA
(switching signal design)

Bottom level constrained GA
(control input design)

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Simulate the controlled 
switched linear system

Calculating
Fitness function

Individual fitness of 
bottom level CGA

The best fitness 
after bottom level 
CGA is terminated

Top level constrained GA
(switching signal design)

Bottom level constrained GA
(control input design)

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Fitness 
Evaluation

Initial population

Constrained GA 
operators

Terminate criteria

no

yes

Simulate the controlled 
switched linear system

Calculating
Fitness function

Individual fitness of 
bottom level CGA

The best fitness 
after bottom level 
CGA is terminated
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Chromosome of 
top level CGA

Chromosome of 
bottom level CGA

 

Fig. 2 Proposed MLCGA (top), Chromosomes architecture (bottom) 

switching indices can be supposed continuous through optimization and converted 
to integer just for fitness evaluation.  

3.3   Path Planning for Controllability Using MLCGA 

Regarding the problem formulation in the previous subsection, this problem must 
be solved in two levels. From optimization perspective, the problem of each level 
is constrained and may be nonlinear and multi-modal as well as non-analytical. In 
these reasons, we propose multi-level constrained genetic algorithms to solve this 
problem. The top level CGA searches in the feasible space of switching signals. 
To evaluate the fitness of any chromosome of top level CGA, optimal control in-
put must be found for this candidate switching signal. It means that for any fitness 
evaluation of top level CGA, a bottom level CGA must be completely run and 
terminate. Although several termination criterions are available, for the bottom 
level CGA, we recommend using pre-determined maximum number of genera-
tions. The main reason of this recommendation is ensuring a limited time for ter-
mination. If you apply another termination criterion, bottom level CGA may be 
terminated after a long time or even it may never be terminated. Figure 2 shows 
the MLCGA flowchart as well as chromosomes architecture. Depending on the 
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objective function, if the problem of control input design is analytical, algebraic 
and single modal, one can replace the bottom level CGA with a conventional non-
linear programming method. Although this recommendation can be performed for 
specific problems, it can effectively increase the speed of convergence. 

4   Simulation Example 

In this part, we design an optimal control system including optimal supervisor de-
sign (switching signal) as well as optimal controller design (control input) for the 
3rd order switched linear system given by 
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where je  is the unit column vector with the jth entry equal to one. According to 

Table 1, for this example, .5.0  ,30  ,3  ,11 max ===== dwellTnML  The order of 

switched subsystems is restricted to {1, 2, 3, 1, 2, 3 …}. There is no constraint on 
amplitude of control input. Maximum number of generations and population size 
are 50 and 10 for bottom level CGA and 30 and 20 for top level CGA. The objec-
tive is minimizing the value of the integral of 2-norm of state signal. We used 
Matlab 2007a (GA toolbox as well as simulink) for this example as represented in 
Figure 3. The following figures show the results. As the figures indicate, the final 
 

 

Fig. 3 Simulink file which is used for simulation example (Matlab 2007a)  
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time is very small and less than 8 seconds. The switching signal has a dwell time 
larger than 0.5. The 3d plot clearly shows the optimally designed path which 
achieved using the proposed method. 

 
Fig. 4 State signals reach the final state in less than 8 seconds 

 

Fig. 5 Switching signal with dwell time larger than 0.5 

 

Fig. 6 Control input signal 
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Fig. 7 Optimal path which was designed in the example for controllability of the switched 
linear system represented in equation (2) 

5   Conclusion 

In this paper, an optimal path including switching signal and control input is 
planned for controllability of a general switched linear system based on multi-
level constrained genetic algorithms (MLCGA). The problem is solved in two lev-
els. Switching signal design as top level and control input design as bottom level. 
The problem has several linear constraints such as controllability condition, con-
trol input amplitude (actuator saturation) and desired dwell time as well as desired 
final time. In this paper we formulate this problem as a general nonlinear con-
strained optimization problem that maybe multi-modal and non-analytical. As si-
mulation example shows, using MLCGA an optimal path can be efficiently found 
with satisfying all constraints as well as desired performance. Generally the pro-
posed approach can be successfully used for real world applications when the 
problem of path planning for controllability is complex. 
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Particle Swarm Optimization for Inference
Procedures in the Generalized Gamma Family
Based on Censored Data

Mauro Campos, Renato A. Krohling�, and Patrick Borges

Abstract. The generalized gamma distribution offers a highly flexible family of
models for lifetime data and includes a considerable number of distributions as spe-
cial cases. This work deals with the use of the particle swarm optimization (PSO)
algorithm in the maximum likelihood estimation of distributions of the general-
ized gamma family (GG-family) based on data with censored observations. We also
discuss a procedure for testing whether a distribution that belong to GG-family is
appropriate for lifetime data using the generalized likelihood ratio test principle. Fi-
nally, we present two illustrative applications using real data sets. For each data set,
we use the PSO algorithm to fit several distributions of the GG-family simultane-
ously. Then, we test the appropriateness of each fitted model and select the most
appropriate one using the Bayesian information criterion or the Akaike information
criterion.

1 Introduction

The generalized gamma distribution (GG-distribution) was introduced by Stacy [1].
It offers a highly flexible family of models for lifetime data and also includes a
considerable number of distributions as special cases [2]. Since the first published
paper by Stacy in 1962, some attention has been given for the generalized gamma
family (GG-family) and its applications in the literature. Stacy and Mihram [3]
and Hager and Bain [4] present results related to the estimation of the parameters
of the GG-distribution and discuss difficulties with convergence of algorithms for
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maximum likelihood estimation (MLE). Prentice [5] and Lawless [6, 7] consider
the GG-distribution in a reparameterized form to avoid difficulties in the MLE
procedure. Di Ciccio [8] suggests an approximate method for inference within
the same approach. Pham and Almhana [9] present a review of the basic proper-
ties related to the GG-distribution and prove some results on its hazard rate and
stress-strength model. Dadpay et al. [10] study information properties of the GG-
distribution and provide an assortment of information measures for the GG-family.
Yacoub [11] introduces the α-μ distribution, which is in fact a rewritten form of the
GG-distribution put in terms of a physical fading model.

MLE of the parameters of a GG-distribution based on censored data is a non-
trivial optimization problem in which the point of absolute maximum of the log-
likelihood function cannot be obtained explicitly by analytical methods. We need of
iterative procedures to solve this problem. Gradient methods, such as the Newton-
Raphson method and the method of scoring, require finding the score vector and
the Hessian matrix associated to the log-likelihood function. However, these oper-
ations are hard to be realized analytically. Furthermore, gradient methods may fail
to converge if the Hessian matrix is not positive definite [12, 13]. Particle swarm
optimization (PSO) [14, 15] is a powerfull optimization method used in different
areas of science and engineering. It is a direct-search method which does not re-
quire the evaluation of any partial derivatives of the objective function. This work
deals with the use of the PSO algorithm in the MLE of models of the GG-family
based on data with censored observations. As far as we know, for the first time in-
troduced in the context of reliability engineering and lifetime data analysis. We also
discuss a procedure for testing whether a distribution that belong to GG-family is
appropriate for lifetime data by comparing it with other distributions in the same
family. Formally, this procedure can be done using the generalized likelihood ratio
test principle [13, Ch. 4]. In practice, we can use the PSO algorithm to fit several
distributions simultaneously and then test the appropriateness of each fitted model.
The most appropriate model can be selected using information criterions such as the
Akaike criterion (AIC) [16] or the Schwarz criterion (BIC) [17].

The organization of the paper is as follows. In Section 2 the formulation of the
problem is presented. Section 3 presents the GG-family and some of its properties.
Section 4 discusses the MLE procedure, test for appropriateness of a family of dis-
tributions and selection of model. Section 5 introduces the PSO algorithm. Section
6 contains two illustrative applications using the GG-family to model lifetime data
with censored observations and section 7 concludes the work.

2 Problem Formulation

Let T be a nonnegative random variable representing the lifetimes of elements in a
population. Suppose that T is a continuous random variable with probability density
function f (·;θ ) where θ = (θ1, . . . ,θk) is a vector of parameters taking on values in
a set Θ . Suppose further that t is a nonnegative real number. The probability that an
element of the population survives longer than t is given by the reliability function
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S(t;θ) = Pr(T > t) =
∫ ∞

t
f (u;θ)du. (1)

Note that S(0;θ ) = 1 and S(t;θ)→ 0 as t → ∞. Another useful concept having to do
with lifetime distributions is the hazard function defined by h(t;θ )= f (t;θ )/S(t;θ).
The hazard function gives the risk of failure per unit time during the aging process.
The functions f , S and h give mathematically equivalent specifications of the distri-
bution of T . Given any one of them, the other two can be derived. The relationship
among the three functions is estabilished by

f (t;θ ) = −dS(t;θ)
dt

= h(t;θ )exp

(

−
∫ t

0
h(u;θ )du

)

. (2)

In statistical inference we use a sample of data to draw inferences about some aspect
of the distribution from which the data were taken. Often the inference concerns the
value of one or more unknown parameters, which describe some atribute of the dis-
tribution. However, lifetime data come with a feature that creates special problems
in the analysis of the data. This feature is known as censoring and, broadly speaking,
occurs when exact lifetimes are known for only a portion of elements under study.
Formally, an observation is said to be right censored at C if the exact value of the
observation is not known but only that it is greater than or equal to C. Similarly, an
observation is said to be left censored at C if it is known only that the observation
is less than or equal C. For convenience only right censoring will be discussed here,
though many of ideas transfer in an obvious way to the case of left censoring. In
addition, the term censoring will be used, meaning in all situations right censoring,
and when an element has his lifetime censored at C, we will call C the censoring
time for the element. To discuss censoring we must consider the way in which data
are obtained. In fact, censoring arises for a variety of reasons, and we consequently
distinguish among several types of censoring processes in the discussion that fol-
lows. A type I censored sample is one that arises when n elements under study in
a life test experiment are subjected to limited periods of observation C1, . . . ,Cn, so
that the lifetime Ti of an element is observed only if Ti ≤Ci. Otherwise, the lifetime
for the ith element is censored at Ci. When Ci = C for all i, we say that the data
are singly type I censored. It should be noted that with type I censoring the number
of exact lifetimes observed is random. A type II censored sample is one that arises
when n elements are placed on test, but instead of continuing until all n elements
have failed, the test is terminated at the time of the rth element failure. Observe that
with type II censoring the number of exact lifetimes is fixed, in contrast to the case
of type I censoring, where it is random. A type III censored sample is one in which
each element under study in a life test experiment is assumed to have a lifetime T
and a censoring time C, where T and C are independent continuous random vari-
ables. The notation (t,δ ) = {(ti,δi); i = 1, . . . ,n} will be used to represent a set of
n observations from the distribution of T , where δi = 0 if ti is a censored observa-
tion and δi = 1 otherwise. In the context of censored data, the likelihood function is
defined by
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L(θ) = L(θ ;t) ∝
n

∏
i=1

[ f (ti;θ )]δi [S(ti;θ)]1−δi (3)

and the log-likelihood function is defined by l(θ ) = logL(θ ).
This work deals with the use of the PSO algorithm to find the value of θ that

maximizes l(θ ) (or L(θ)) when f (·;θ) is the probability density function of the GG-
distribution or some other distribution that belong to GG-family. We also analyse
two real data sets and demonstrate how the methodology can be used in practice.
For each lifetime data set, we use the PSO algorithm to fit several distributions
of the GG-family simultaneously. Then, we test the appropriateness of each fitted
model and select the most appropriate one based on information criterions such as
AIC or BIC.

3 Generalized Gamma Family

The probability density function of the GG-distribution is given by

f (t) =
γ

β γηΓ (η)
tγη−1 exp

[

−
(

t
β

)γ]

, t ≥ 0, (4)

where γ,η ,β > 0 and Γ (η) is the well-known gamma function. We note that γ and
η are shape parameters, and β is the scale parameter. The notation T ∼ GG(γ,η ,β )
will be used to indicate that a random variable T has a GG-distribution with parame-
ters γ,η and β . The GG-family includes several models as special cases. Some sub-
families considered in statistics and other related fields are: exponential (γ = η = 1),
Weibull (η = 1) and gamma (γ = 1), half-normal (γ = 2 and η = 1/2), Rayleigh
(γ = 2 and η = 1), Maxwell-Boltzmann (γ = 2 and η = 3/2) and chi-squared (γ = 1,
β = 2 and η = k/2,k = 1,2, . . .). In addition, the lognormal distribution appears as
a limiting case when η → ∞ [7]. Now, we present some useful results related to
GG-family. If T ∼ GG(γ ,η,β ), then T s ∼ GG(γ/s,η,β s) for all s > 0. In partic-
ular, T γ ∼ G(η ,β γ), where G(η ,β γ ) denotes the gamma distribution with shape
parameter η and scale parameter β γ . The reliability function of the GG-distribution
is given by

S(t;γ,η ,β ) = 1− I

(

η,
tγ

β γ

)

(5)

where I(η,τ) =
∫ τ

0 (1/Γ (η))uη−1e−udu is the incomplete gamma function. It is
important to note that I(η,τ) = Pr(Gη ≤ τ), where Gη ∼ GG(1,η,1). Finally, the
log-likelihood function of the GG-distribution is given by

lGG(γ ,η,β ) = (logγ − logΓ (η)− γη logβ )
n

∑
i=1

δi +(γη − 1)
n

∑
i=1

δi log ti

− β−γ
n

∑
i=1

δit
γ
i +

n

∑
i=1

(1−δi) logS(ti;γ,η,β ). (6)
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4 Inference Procedures

The maximum likelihood estimate of θ , denoted by θ̂n, is the value of θ that max-
imizes the log-likelihood function l(θ ). Given the usual regularity conditions1,
it follows that the maximum likelihood estimator is asymptotically normally dis-
tributed [13, Ch. 3]. We use the notation θ̂n

a∼ Nk(θ ,Σθ ) to indicate this result.
The symbol Nk(θ ,Σθ ) represents a multivariate normal distribution with mean θ
and variance-covariance matrix Σθ , where Σθ is the inverse of the (Fisher) in-
formation matrix. As a consequence, we can construct an asymptotic confidence
interval for g(θ ) where g : R

k → R is a smooth function such that ∇g(θ̂n) �= 0.
In fact, if zα/2 is the (1 − α/2)th quantile of the standard normal distribution,

σ̂g = σ̂(g(θ̂n)) =
√

(∇g(θ̂n))T Σθ̂ ∇g(θ̂n) and

J = (g(θ̂n)− zα/2 · σ̂g;g(θ̂n)+ zα/2 · σ̂g), (7)

then Pr(J contains g(θ)) → 1−α as n → ∞.
A procedure for testing whether a distribution is appropriate for observed data is

to compare the distribution with a more general family that includes the distribution
of interest as a special case. As pointed out in section 3, the GG-family is a rich
family and includes a considerable number of distributions as special cases. Thus,
we can use this fact to evaluate the appropriateness of a distribution that belong to
GG-family for lifetime data. Formally, let Fθ be a family of distributions parame-
terized by a finite number of parameters, θ1, . . . ,θk. Suppose that f ′ is a subfamily
of Fθ . We wish to test whether the observed data are from f ′. Formally, we wish to
test

H0 : θi1 = θ 0
i1 , . . . ,θiq = θ 0

iq ,θiq+1 , . . . ,θik , (8)

where θ 0 = (θ 0
i1
, . . . ,θ 0

iq) is a vector of specific numbers, θ ∗ = (θiq+1 , . . . ,θik) is left
unspecified and q < k. The generalized likelihood ratio test [13, Ch. 4] can be used
in this case. The test statistic is given by

Λ = −2log

(
L(θ̂ ∗

n (θ0),θ0)
L(θ̂n)

)

= 2
[
l(θ̂n)− l(θ̂ ∗

n (θ0),θ0)
]

(9)

where θ̂n is the maximum likelihood estimator of θ and θ̂ ∗
n (θ0) is the maximum

likelihood estimator of θ ∗ given θ0. Under H0, Λ have an asymptotic chi-squared
distribution with degrees of freedom equal q [13, Ch. 4]. Thus, for a given signifi-
cance level α , H0 is rejected if Λ > χ2

(q),α , where χ2
(q),α is the (1−α)th quantile of

chi-squared distribution with q degrees of freedom.
It is important to note that failure to reject H0 does not imply that the distribu-

tion under the null hypothesis provides a perfect fit to the data. On the other hand,
rejection of H0 does not mean that the distribution under the alternative hypothesis
is the best choice either. In practice, we fit several distributions simultaneously and

1 These conditions are essentially smoothness conditions on f (·,θ ).
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then test the appropriateness of each fitted model. The most appropriate model can
be selected using information criterions. Akaike [16] indicates that, given a class of
competing models for a data set, one choose the model that minimizes

AIC = −2l(θ̂n)+ 2(number of parameters). (10)

Another method is the Schwarz criterion [17]. In the Schwarz’s approach one choose
the model that minimizes

BIC = −2l(θ̂n)+ (logn)(number of parameters). (11)

5 Particle Swarm Optimization (PSO)

Let L(θ) be a real-valued function defined on a set Θ ⊆ R
k. A point θ ∗ in Θ is said

to be a point of local maximum of L if there exists a neighborhood Nδ (θ ∗) = {θ ∈
R

k;‖θ −θ ∗‖< δ} ⊆Θ such that L(θ )≤ L(θ ∗) for all θ ∈Nδ (θ ∗). If L(θ)≥ L(θ ∗)
for all θ ∈ Nδ (θ ∗), then θ ∗ is a point of local minimum. If one of theses inequali-
ties holds for all θ in Θ , then θ ∗ is called a point of absolute maximum, or a point
of absolute minimum, respectively, of L in Θ . In either case, θ ∗ is referred to as a
point of optimum, and the value of L(θ ) at θ = θ ∗ is called an optimum value of
L(θ).

PSO [14, 15] is a powerfull optimization method used in different areas of science
and engineering in situations in which the optimum can not be obtained explicitly
by analytical methods. PSO is a population-based algorithm. It is initialized with a
population of candidate solutions. Each candidate solution in PSO, called particle,
has associated a randomized velocity. Each particle moves through the search space
and keeps track of its coordinates in the search space, which is associated with the
best solution (fitness) it has achieved so far, pbest. Another best value tracked by
the global version of the particle swarm optimizer is the overall best value, gbest,
and its location, obtained so far by any particle in the population. The algorithm
proceeds updating first all the velocities and then the positions of the particle as
follows:

ωt+1
i = K

[
ωt

i + c1U1(pi −θ t
i )+ c2U2(pg −θ t

i )
]

(12)

θ t+1
i = θ t

i + ωt+1
i , (13)

with K = 2/|2−ϕ −
√

ϕ2 −4ϕ| and ϕ = c1 + c2 > 4, where K is a function of c1

and c2 [18].
The vector2 θi = (θi1, . . . ,θik) stands for the position of the ith particle, ωi =

(ωi1, . . . ,ωik) stands for the velocity of the ith particle and pi = (pi1, . . . , pik) repre-
sents the best previous position (the position giving the best fitness value) of the ith

2 We use the notation θ and ω for position and velocity respectively instead of x and v, as
usual in the PSO literature, because the variable to be optimized is θ .
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particle. The index g represents the index of the best particle among all the particles
in the swarm. The constants c1 and c2 are positive numbers; U1 and U2 are random
numbers in the range [0,1] generated according to a uniform probability distribution.

The cognition term c1U1(pi − θ t
i ) represents the independent behaviour of the

particle itself. The social term c2U2(pg − θ t
i ) represents the collaboration among

the particles. The constants c1 and c2 represent the weighting of the cognition and
social parts that pull each particle toward pbest and gbest positions.

A detailed discussion of the constriction factor K, introduced by Clerc and
Kennedy [18], is beyond the scope of this paper. For more details, the reader
is referred to [18]. Usually, when the constriction factor is used, ϕ is set to 4.1
(c1 = c2 = 2.05), and the constriction factor K is 0.729. The PSO algorithm is de-
scribed as follows.

Algorithm

• Input parameters: Swarm size, K,c1,c2

• For each particle i
• // random initialization of a population of particles with positions θi

using uniform probability distribution
• θi = θ i +(θ i −θ i)Ui(0,1)
• pi = θi

• Compute L(θi) // fitness evaluation
• pg = argmaxL(θi) // global best particle
• End for
• Do
• For each particle i
• Update velocity and position according to (12) and (13) respectively
• Compute L(θi) // fitness evaluation

– If L(θi) > L(pi) then pi = θi // update of the personal best
– If L(θi) > L(pg) then pg = pi // update of the global best

• End for
• While termination condition not met.
• Output: pg = θ ∗.

The termination criterion of the PSO algorithm is usually the maximum number of
the iteration, which is pre-specified by the designer.

6 Applications

In this section, we present two illustrative applications using real data sets. For each
data set, we use the PSO algorithm to obtain the maximum likelihood estimates and
the log-likelihoods for the exponential, Weibull, gamma, lognormal and generalized
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gamma distributions. Furthermore, we test the appropriateness of each fitted model
and select the most appropriate one based on information criterions.

Example 1. Consider the data set in [19]. These type I censored data consist of
times between failures for 10 machining centers subjected to a lifetime test over half
a year. The times are given in Table 1. Observations with the symbol “+” represent
censored times.

Table 1 Times between failures of machining center

176.00 248.00 10.50 472.00 45.00 39.00 209.33 261.25 510.00 120.00 224.00
267.50 32,00 50.00 138.50 398.00 478.00 353.00 348.00 137.06 332.50+ 84.00+
267.00+ 165.00+ 283.16+ 700.00+ 562.00+ 387.00+ 383.00+ 1.50+

Table 2 Lifetimes of 34 transistors in an accelerated life test

03 04 05 06 06 07 08 08 09 09 09 10 10 11 11 11 13 13 13 13 13 17 17 19 19 25 29 33 42 42 52
52+ 52+ 52+

Example 2. Consider the data set in [7, page 208] (or originally in [20]). These
type II censored data consist of lifetimes of 34 transistors in an accelerated life test.
The times, in weeks, are given in Table 2. Once again, times with the symbol “+”
represent censored observations.

Table 3 Maximum likelihood estimates - Ex. 1

Model γ̂ η̂ β̂ log-L
Exp - - 384.11 -139.02
Wei 1.20 - 377.00 -138.59
G - 1.42 240.11 -138.82
GG 2.11 0.48 601.00 -138.40
LN μ̂ = 5.54, σ̂ = 1.24 -140.03
log-L, log-likelihood.

Table 4 Maximum likelihood estimates - Ex. 2

Model γ̂ η̂ β̂ log-L
Exp - - 20.74 -124.99
Wei 1.22 - 21.70 -124.04
G - 1.62 12.40 -123.11
GG 0.37 10.09 0.03 -120.98
LN μ̂ = 2.68, σ̂ = 0.83 -119.90
log-L, log-likelihood.

For each data set, we use the PSO algorithm to obtain the maximum likelihood
estimates and the log-likelihoods for the exponential (Exp(β )), Weibull (Wei(γ,β )),
gamma (G(η,β )), lognormal (LN(μ ,σ)) and generalized gamma (GG(γ,η,β ))
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Fig. 1 Kaplan-Meier estimate of the relia-
bility function and fitted reliability functions
(Ex. 1)
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Fig. 2 Kaplan-Meier estimate of the relia-
bility function and fitted reliability functions
(Ex. 2)

distributions. The parameters of the PSO algorithm used are the same as described in
section 5. The number of particles used was set to 30, and the maximum number of
iteration set to 100. Typically the PSO algorithm converges in the first 50 iterations.
The results obtained are given in Tables 3 and 4. Fig. 1 shows the Kaplan-Meier
(K-M) estimate [21, 7] of the reliability function and the fitted reliability function
of each model mentioned, considering the data set of the example 1. Fig. 2 shows
the analogous results for the data set of the example 2. The results of goodness of fit
tests based on asymptotic likelihood inferences are given in Tables 5 and 6 jointly
with the BIC scores and the AIC scores.

Consider a significance level of the 5% for the example 1. From the Table 5, we
see that all hypothesized distributions can be considered appropriate for the data of
the example 1. Because of its simplicity (principle of parsimony), we may select
the exponential distribution as our choice of model for this data set. On the other
hand, the exponential distribution would be selected by either the BIC or AIC pro-
cedure, which is consistent with the results obtained in the goodness of fit tests.
An approximate confidence interval for the parameter β of the exponential distribu-
tion can be obtained using the normal approximation to the distribution of β̂ . The
observed (Fisher) information can be found so that the variance of β̂ is given by
var(β̂ ) = β̂ 2/20. Then, an approximate 95% confidence interval for β is given by

β̂ ± 1.96
√

var(β̂) = (215.77;552.45).
Consider a significance level of the 5% for the example 2. From the Table 6,

we see that the exponential distribution is not rejected in favor of the Weibull
distribution (Λ = 1.919, p-value = 0.166) or in favor of the gamma distribution
(Λ = 3.783, p-value = 0.052). The hypothesis that the underlying distribution is
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Table 5 Goodness-of-fit tests and model selection - Ex. 1

Model Λ p-value BIC AIC
Expa 0.861 0.354 - -
Expb 0.399 0.528 - -
Expc 1.246 0.536 281.439 280.038
Wei 0.385 0.535 283.979 281.177
G 0.847 0.357 284.441 281.637
LN 3.271 0.071 286.865 284.062
GG - - 286.995 282.791
Λ , likelihood ratio test statistic.
p-value, P(χ2 > Λ ).
a Relative to the Weibull.
b Relative to the gamma.
c Relative to the generalized gamma.

Table 6 Goodness-of-fit tests and model selection - Ex. 2

Model Λ p-value BIC AIC
Expa 1.919 0.166 - -
Expb 3.783 0.052 - -
Expc 8.033 0.018 253.520 251.994
Wei 6.114 0.013 255.127 252.074
G 4.250 0.039 253.264 250.211
LN -2.157 1 246.857 243.804
GG - - 252.540 247.961
Λ , likelihood ratio test statistic.
p-value, P(χ2 > Λ ).
a Relative to the Weibull.
b Relative to the gamma.
c Relative to the generalized gamma.

the exponential versus the alternative hypotheses that the distribution is the general-
ized gamma is rejected (Λ = 8.033, p-value = 0.018). Furthermore, the Weibull and
gamma distributions are also rejected in favor of the generalized gamma (Λ = 6.114,
p-value = 0.013 and Λ = 4.250, p-value = 0.039 respectively). This implies that the
exponential distribution may not be an appropriate distribution since the Weibull and
gamma distributions are rejected. The lognormal distribution is not rejected in favor
of the generalized gamma distribution. Therefore, we may accept the lognormal dis-
tribution as our choice of model for the data set. On the other hand, the lognormal
distribution would be selected by either the BIC or AIC procedure, which is con-
sistent with the results obtained in the goodness of fit tests. Interval estimation for
the parameters μ and σ of the lognormal distribution can be obtained using the nor-
mal approximation to the distribution of (μ̂ , σ̂). The observed (Fisher) information
matrix can be found so that

Σμ̂,σ̂ =
(

0.022799 0.000392
0.000392 0.000947

)

. (14)
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An approximate 95% confidence interval for the parameter μ is given by μ̂ ±
1.96

√
var(μ̂) = (2.38;2.98) and an approximate 95% confidence interval for the

parameter σ is given by σ̂ ±1.96
√

var(σ̂) = (0.77;0.89).

7 Conclusion

This work deals with the problem of the MLE of the GG-distribution and other dis-
tributions of the GG-family based on censored data. This is a nontrivial optimization
problem in which the point of absolute maximum of the log-likelihood function can-
not be obtained explicitly by analytical methods. As a consequence, we propose an
approach for this problem based on evolutionary computation. Specifically, we use
the PSO algorithm to maximize the likelihood functions of the GG-family based
on censored data. The good performance of the PSO algorithm indicates that the
method works quite well. We present two illustrative applications using distribu-
tions of the GG-family to model lifetime data. For each data set, we use the PSO
algorithm to obtain the maximum likelihood estimates and the log-likelihoods for
several models of the GG-family, including the GG-distribution as well. Further-
more, we test the appropriateness of each fitted model, using the generalized likeli-
hood ratio test principle, and select the most appropriate one based on information
criterions. This paper shows the potencial of the PSO algorithm to solving some
problems in the field of the reliability engineering and lifetime data analysis. Work
in progress is investigating the use of improved versions of PSO, e.g. [22, 23, 24] to
tackle other problems in the field of statistics and reliability engineering.
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SUPER-SAPSO: A New SA-Based PSO Algorithm 

Majid Bahrepour, Elham Mahdipour, Raman Cheloi, and Mahdi Yaghoobi∗ 

Abstract. Particle Swarm Optimisation (PSO) has been received increasing atten-
tion due to its simplicity and reasonable convergence speed surpassing genetic al-
gorithm in some circumstances. In order to improve convergence speed or to 
augment the exploration area within the solution space to find a better optimum 
point, many modifications have been proposed. One of such modifications is to 
fuse PSO with other search strategies such as Simulated Annealing (SA) in order 
to make a new hybrid algorithm –so called SAPSO. To the best of the authors’ 
knowledge, in the earlier studies in terms of SAPSO, the researchers either as-
signed an inertia factor or a global temperature to particles decreasing in the each 
iteration globally. In this study the authors proposed a local temperature, to be as-
signed to the each particle, and execute SAPSO with locally allocated tempera-
ture. The proposed model is called SUPER-SAPSO because it often surpasses the 
previous SAPSO model and standard PSO appropriately. Simulation results on 
different benchmark functions demonstrate superiority of the proposed model in 
terms of convergence speed as well as optimisation accuracy. 

1   Introduction 

Particle Swarm Optimisation and Simulated Annealing have their own advantages 
and drawbacks. PSO is related to the birds flocking; PSO seeks inside solution 
space to find the most optimistic result, however if it starts with inappropriate 
points, it’s possible to get stuck into local optimums because of its high velocity; 
therefore the most problem with PSO is premature convergence [1, 2].  

PSO cannot provide appropriate diversity while exploring the solution space 
because there is no diversity preservation operator to keep solutions in a diverse 
manner [3, 4]. Simulated Annealing (SA) is a kind of global optimisation tech-
nique based upon annealing of metal that uses random search to find optimal 
points [5, 6]. As might be expected, finding the global optimum in this way is not 
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guaranteed, but there is usually appropriate diversity in searching solution space 
due to the hot temperature that lets particles move in any directions.  

The SA-based particle swarm optimisation (SAPSO) fuses PSO with SA and 
often results in more optimised search than PSO and SA separately [2]. In this pa-
per a novel version of SA-based PSO algorithm is proposed. Empirical results re-
veal that the proposed approach is highly optimised, as it often outperforms both 
the previous SAPSO model as well as the standard PSO approach.  

This paper is structured as follows. In Section 2, standard PSO algorithm is de-
scribed briefly. In Section 3, the previous SAPSO model is reviewed. In Section 4, 
the proposed SA-based algorithm, SUPER-SAPSO, is introduced. In Section 5, 
the experimental results are demonstrated and compared. Finally Section 6 
discusses the results and presents some conclusions.  

2   Particle Swarm Optimisation 

According to Eberhart and Kennedy [1, 7, 8], PSO is a kind of evolutionary algo-
rithms that discover the best solution by simulating the movement and flocking of 
birds [1]. Each particle is directed to special coordinate. These particles are moved 
toward the global optimum after some iteration.  PSO optimisation, each particle 

has the ability to remember its previous best position ( BestP ) and the global best 

position ( BestG ). In addition, a new velocity value (V) is calculated based on its 

current velocity. The new velocity value is then used to compute the next position 
of particle in solution space. The original PSO’s velocity formula is:  
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Where V[] is the velocity vector; variables c1,c2 are the acceleration constants and 
positive constants; rand is a random number between 0 and 1; Present[] is the  
position vector; W is the inertia weight. 

W is not usually appear in standard PSO algorithm version. Searching inside 
the solution space using PSO, the exploration area is reduced gradually as the  
generation increasing which can be considered as a clustering strategy near the  
optimal point [1, 2].   

3   SAPSO Hybrid Algorithm 

SAPSO algorithm which is a combination of SA and PSO can avoid the key prob-
lem of PSO being premature convergence [2]. The premature convergence hap-
pens due to fast clustering of particles near the optimal point whilst the optimal 
point might be a local optimum. Therefore, PSO algorithm can potentially find  
the global optimum, but it is also possible to get stuck in local optimums. SA  
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algorithm can provide a better variety in seeking the solution space due to the hot 
temperature letting the particles move freely in any direction. Combination of PSO 
and SA can bear new benefits and compensate drawback of the both [2]. 

Similar to PSO algorithm, SAPSO searching process is started with random ini-
tialisation (dispersion) of particles. Firstly, each particle is moved by SA algo-
rithm to a new position that augments variety of search which is accomplished by 
the use of Equation (2). Secondly, PSO will help the particles converge to global 
optimal by the use of Equation (1). This process is then repeated until a minimum 
error is achieved or maximum iterations are reached. 

In the process of real annealing of metals, each new particle randomly is laid 
around the original particles. In this method variation range of original particles 
can be determined as a parameter like r1, Expression (2) is a formulation for the 
variation of particles [2]. 

)1(.2.][Present ]1[Present 11 randrrtt −+=+  (2) 

Where parameter r1 reduce gradually as the generation is increasing, rand(1) is 
random number between 0 and 1.  

According to [2] the SAPSO algorithm is as follows: 

1. Initialise n particles randomly. 
2. Compute each particle's fitness. 
3. Transform particles with the SA algorithm according to the Expres-

sion (2).  
4. Compare particle's fitness evaluation with its personal best position 

( BestP ) if its fitness is better; replace BestP  with its fitness.  

5. Compare particle's fitness evaluation with its global best position 

( BestG ) if its fitness is better; replace BestG  with its fitness.  

6. Update each particle's velocity and position according to the Expres-
sions (1).  

This process continues until either the appropriate fitness is achieved or maximum 
iterations are reached.  

4   Proposed Algorithm (SUPER-SAPSO) 

Analogous with SAPSO algorithm, SUPER-SAPSO algorithm fuses SA with 
standard PSO, but particles’ movement is done by the Expression (3) rather than 
Expression (2).  

Ttvtt ]).1[][Present (]1[Present ++=+  (3) 

Where Present[] is the location vector, v[] is the velocity vector, and T is tempera-
ture of particle. Where T is a function of error and by the growth of error, T is in-
creased as well. 

SUPER-SAPSO algorithm is as follows: 

1. Initialise a population of particles with random positions and velocities. 
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2. Calculate BestG  and assign T=1 to it.  

3. For remaining particles evaluate fitness and assign temperature to 
them (1≤T≤4) so those particles with poorer fitness must have hotter 
temperature. 

4. Transform particles according to the Expression (3). 
5. For each particle, compares its fitness and its personal best position 

( BestP ) if current value is better than P Best, the set BestP  equal to  

current value.   
6. For each particle, compares its fitness and its global best position (G 

Best) if current value is better than BestG , the set BestG  equal to  

current value.  
7. Update each particle's velocity and position according to the Expres-

sions (1).  
8. Best particle among n particles is recognised as leading particle to  

advance search process. 
9. Go to Step 4, until the termination criterion is satisfied.  

Termination criterion is either achievement of appropriate fitness or termination of 
computational time. 

The main differences between SUPER-SAPSO algorithm and SAPSO 
algorithm are:  

1. SUPER-SAPSO assigns the temperatures locally to the each particle. 
2. The temperature is a function of error. 

SUPER-SAPSO in comparison with SAPSO and standard PSO is investigated on 
benchmark functions and the experimental results are reported in the next section. 

5   Experimental Results 

Seven numeric optimisation problems were chosen to compare the relative per-
formance of SUPER-SAPSO algorithm to SAPSO and PSO. These functions are 
standard benchmark test functions and are all minimisation problems.  

The first test function is the generalised Rastrigin function:  
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The second function is the Foxholes function given by:  
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Where a1j and a2j is: 
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The third test function is the generalised Griewangk function:  
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The fourth function is the Sphere function:  
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The fifth function is the Ackley function:  
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The sixth function is the Step function: 
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The final function is the Schwefel's Double Sum function:  
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Table 1 and Figures (1-7) show the results of SUPER-SAPSO in comparison with 
SAPSO and PSO algorithms respectively. 
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In all of examinations the numbers of particles are the same and equal to 30. 
Each examination is repeated 20 times and the average value is reported.  

Table 1 Performance results of SUPER-SAPSO, SAPSO and PSO algorithms on bench-
mark functions 

FUNCTION
NAMES ALGORITHM DIMENSIONS 

(n)
NUMBER OF 
ITERATIONS 

AVERAGE
ERROR

PSO 2989 0.097814 
SAPSO 2168 0.07877 Rastrigin
SUPER-
SAPSO 

20
5 0.0 

PSO 652 0.004846
SAPSO 536 0.002848Foxholes
SUPER-
SAPSO 

2
6 0.0

PSO 2004 0.082172 
SAPSO 1517 0.075321 Griewangk 
SUPER-
SAPSO 

20
3 0.0 

PSO 805 0.094367
SAPSO 503 0.085026Sphere 
SUPER-
SAPSO 

20
4 0.0

PSO 4909 0.099742 
SAPSO 3041 0.099461 Ackley 
SUPER-
SAPSO 

20
5 0.0 

PSO 10 0.0
SAPSO 8 0.0Step 
SUPER-
SAPSO 

20
3 0.0

PSO 1964 0.086542 
SAPSO 847 0.074965 SchwefelDoubleSum 
SUPER-
SAPSO 

20
4 0.0 
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Fig. 1 Convergence comparison of SUPER-
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Fig. 2 Convergence comparison of 
SUPER-SAPSO, SAPSO and PSO algo-
rithm on Ackley function 
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Fig. 4 Convergence comparison of 
SUPER-SAPSO, SAPSO and PSO algo-
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6   Conclusions and Future Works 

In this paper a new SA-based PSO algorithm, namely SUPER-SAPSO, is  
proposed. Various tests are carried out on different bench mark functions and  
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superiority of the proposed model demonstrated. The empirical results show that 
convergence ratio of SUPER-SAPSO algorithm is almost 282 times faster than 
SAPSO and 435 times faster than standard PSO algorithm in average. The pro-
posed model not only augments convergence speed but it reduces the optimisation 
error as well. Therefore the proposed algorithm can move the particles faster to-
wards global optimum with bearing less error. 

The results are promising; we are about to develop appropriate multi-objective 
version of SUPER-SAPSO and solve some applied engineering problems with 
SUPER-SAPSO and report the results in near future. 
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Testing of Diversity Strategy and Ensemble
Strategy in SVM-Based Multiagent Ensemble
Learning

Lean Yu, Shouyang Wang, and Kin Keung Lai

Abstract. In this study, a four-stage SVM-based multiagent ensemble learning ap-
proach is proposed for group decision making problem. In the first stage, the initial
dataset is divided into training subset and testing subset for training and testing
purpose. In the second stage, different SVM learning paradigms with much dissimi-
larity are constructed as diverse agents for group decision making. In the third stage,
multiple single SVM agents are trained using training subset and the corresponding
decision resulcts are also obtained. In the final stage, all individual results produced
by multiple single SVM agents are aggregated into a group decision result. Partic-
ularly, the effects of different diversity strategies and different ensemble strategies
on multiagent ensemble learning system are tested. For illustration, one credit ap-
plication approval dataset is used and empirical results demonstrated the impacts of
different diversity strategies and ensemble strategies.

1 Introduction

Multiagent ensemble learning has been turned out to be an efficient learning
paradigm to achieve high performance, especially in fields where the develop-
ment of a powerful single learning system requires considerable efforts [12]. Re-
cently, multiagent ensemble learning has been applied for group decision making
(GDM) and provided good decision support for multicriteria GDM problems [11].
In the context of multiagent systems, an agent is usually defined as an independent
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decision unit participating as a member of a GDM process. Generally, multiagent
ensemble learning can be divided into two categories: competitive ensemble learn-
ing, where agents work asynchronously on the same problem and the decision of
best agent is the group decision, and cooperative ensemble learning, where the group
decision is a fusion or aggregation of the individual decisions of all agents. However,
an effective ensemble learning system may not be an individual model but the com-
bination of several of them from a decision support system perspective, according to
Olmeda and Fernandez [5]. Usually, ensemble learning model outperforms the indi-
vidual learning models, whose performance is limited by the imperfection of feature
extraction, learning algorithms, and the inadequacy of training data. Another reason
supporting this argument is that different individual learning models have their in-
herent drawbacks and thus aggregating them may lead to a good learning system
with high generalization capability. From the above descriptions, we can conclude
that there are two essential requirements for ensemble learning. The first is that the
ensemble members or agents must be diverse or complementary, i.e., agents must
show different properties. Another condition is that an optimal ensemble strategy is
also required to fuse diverse agents into an aggregated result.

To achieve high performance, this study attempts to utilize a highly competitive
machine learning paradigm – support vector machine (SVM) first proposed by Vap-
nik [9] – as a generic agent for ensemble learning. The main reasons of selecting
SVM as ensemble learning agent reflect the following three folds. First of all, SVM
requires less prior assumptions about the input data, such as normal distribution
and continuity. Second, SVM can perform a nonlinear mapping from an original
input space into a high dimensional feature space, in which it constructs a linear
discriminant function to replace the nonlinear function in the original low dimen-
sion space. This characteristic help solve the dimension disaster problem because its
computational complexity is not dependent on sample dimension. Third, SVM uses
structural risk minimization (SRM) to maximize the classification margin, therefore
possessing good generalization ability. This pattern can directly help SVM escape
local minima, which are often occurred in artificial neural networks (ANN) [9].
These characteristics make SVM popular in many applications.

The main purpose of this paper is to design a SVM-based multiagent ensemble
learning system for GDM problem and meantime test the impacts of different diver-
sity strategies and ensemble strategies on SVM-based multiagent ensemble learning
system. The rest of the paper is organized as follows. The next section presents a for-
mulation process of a multistage SVM-based multiagent ensemble learning system
in detail. For illustration, a credit evaluation example is conducted and the experi-
mental results are reported in Section 3. Section 4 concludes this paper.

2 Methodology Formulation

In this section, a four-step SVM-based multiagent learning system is proposed for
GDM problem. First of all, the initial dataset is divided into two independent sub-
sets: training subset (in-sample data) and testing subset (out-of-sample data) for
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learning and testing purpose. Particularly, validation subset is also included in the
training subset by k-fold cross-validation (CV) approach. Then diverse SVM models
are constructed as learning agents for group decision making. Subsequently, multi-
ple individual SVM agents are trained using training subset and the corresponding
decision results are obtained. Finally, all individual results produced by multiple
single SVM agents are aggregated into a group decision result.

Step I: Data Partition. In applications of SVM on group decision analysis, data
partition is necessary. Some empirical results (e.g., [2] and [4]) shown that data
division can have a significant impact on the results. Generally, data partition is
carried out on an arbitrary basis and the statistical properties of the data were seldom
considered. In most cases, two subsets, i.e., training subset and testing subset, are
used. In this study, the overall data is also divided into two subsets. Particularly,
80% data are used as the training subset and the remainder as the testing subset.

Step II: Diverse SVM Agent Creation. In order to capture the implicit patterns
hidden in the data from different perspectives, diverse SVM agents should be used.
Generally, an effective multi-agent ensemble learning system consisting of diverse
models with much disagreement is more likely to have a good performance in terms
of the principle of bias-variance trade-off [13]. Therefore, how to produce diverse
models is a crucial factor for building an effective multi-agent ensemble learning
system. For SVM models, several diversity strategies have been investigated for the
generation of ensemble members. Such diversity strategies basically rely on varying
the training samples and parameters related to the SVM design. In particular, some
main diversity strategies include the following three aspects:

(1) Data diversity. Because different data often contain different information, these
different data can generate diverse models with the capability of capturing different
patterns. Usually, in machine learning models, training data is used to construct
a concrete model and thus different training data will be an important source of
diversity if the training data at hand is functionally or structurally divisible into
some distinct training subsets. In order to achieve diverse models, some typical data
sampling approaches, such as bootstrap aggregating (bagging) proposed by Breiman
[1] and noise injection [7], are used to create data diversity. In this study, the bagging
algorithm is adopted as a data sampling tool.

(2) Parameter diversity. In SVM model, there are two typical parameters: regular-
ization parameter C and kernel parameters. By changing the SVM model parame-
ters, different SVM models with much disagreement can be created.

(3) Kernel diversity. In SVM model, kernel function has an important impact on
SVM performance. Hence, using different kernel functions in SVM model can also
create diverse SVM models. In SVM model, polynomial function, sigmoid function,
and RBF function, are typical kernel functions. In this study, RBF kernel is used.

Step III: Single SVM Agent Learning. After creating diverse SVM models, the
next step is to train the diverse SVM agents using the training data to create different
decision results. In this study, the Vapnik’s SVM [9] is used as the single agent.
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Fig. 1 Multi-agent ensemble learning mechanism for group decision making

Step IV: Multiagent Ensemble Learning. After single SVM agents are generated,
each SVM agent can output its own decision results. Although one agent based on
a single SVM model may have good performance, it is sensitive to samples and
parameter settings, i.e. different SVM agent may have bias. One effective way to
reduce the bias is to integrate these SVM agents into an aggregated output for GDM.
Fig. 1 shows the multi-agent ensemble learning mechanism for GDM purpose.

From the previous descriptions and Fig. 1, it is easy to find that how to construct a
combiner, and how to create the diversity, are two main factors to build an effective
ensemble learning system. Because the previous steps have produced some diverse
SVM agents in terms of different diversity strategies, how to construct a combiner
has become a key factor to construct an effective ensemble learning system.

However, before integrating these SVM agents, strategies of selecting SVM
agents must be noted. Generally, these strategies can be divided into two categories:
(i) generating an exact number of SVM agents; and (ii) overproducing SVM agents
and then selecting a subset of these agents [10].

For the first strategy, several ensemble approaches, e.g., boosting [7], can be em-
ployed to generate the exact number of diverse ensemble members for ensemble
purpose. Therefore, no selection process will be used and all generated ensemble
agents will be combined into an aggregated output. For the second strategy, its main
aim is to create a large set of agent candidates and then choose some most diverse
agents for ensemble purpose. The selection criterion is some error diversity mea-
sures, which is introduced in detail by Partridge and Yates [6]. Because the first
strategy is based on the idea of creating diverse SVMs at the early stage of design,
it is better than the second strategy, especially for some situations where access to
powerful computing resources is restricted. The main reason is that the second strat-
egy cannot avoid occupying much computing time and storage space while creating
a large number of agents, some of which are to be later discarded [10].

Generally, there are some ensemble strategies to consider different decision opin-
ions in the existing studies. Typically, majority voting and weighted averaging are
two popular ensemble strategies. The main idea of majority voting strategy is to
take the vote of the majority of the population of agents. To our knowledge, major-
ity voting is the most widely used ensemble strategy due to its easy implementation.
In the majority voting strategy, each agent has the same weight and the voting of
the ensemble agents will determine the final decision. Usually, it takes over half the
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ensemble to agree a result for it to be accepted as the final output of the ensem-
ble regardless of the diversity and accuracy of each model’s generalization. In the
mathematic form, the final decision can be represented as

F(x) = sign
(
∑n

i=1 fi(x)
/

n
)
, (1)

where f (x) is the output of each SVM agent, F(x) is the aggregated output, n is
the number of SVM agents. Although this strategy is easy to use, a deadly problem
of this strategy is that it ignores the fact some SVM agents that lie in a minority
sometimes do produce the more accurate results than others. At the ensemble stage,
it ignores the existence of diversity that is the motivation for ensemble learning [10].

Weighted averaging is where the final decision is calculated in terms of individual
agents’ performance and a weight attached to each agent’s output. The gross weight
is one and each agent is entitled to a portion of this gross weight based on their
performance. A typical binary classification example is to use validation examples
to determine the performance weight. Suppose that AB represents the number of
observed Class A instances that are mistakenly classified as Class B by an agent,
AA denotes the number of correctly classified Class A instances that belong to Class
A; BA represents the number of observed Class B instances that are mistakenly
classified as Class A, while BB represents the number of correctly classified Class
B instance that belong to Class B. Some common measures used to evaluate the
performance of the agent are defined below:

Type I Accuracy = Specificity =
BB

BB +BA
, (2)

Type II Accuracy = Sensitivity =
AA

AA + AB
, (3)

Total Accuracy (TA) =
AA+ BB

AA +AB +BB + BA
. (4)

Each SVM agent is trained by a training subset and is verified by the validation
samples. Assume the total accuracy on validation samples of agent i is denoted by
TAi, the weight of agent i denoted by wi can be calculated as

wi =
TAi

∑n
i=1 TAi

. (5)

Then the final group decision value of this strategy is shown as follows:

F(x) = sign
(
∑n

i=1 [ fi(x) ·wi]
)
. (6)

The above TA-based weight averaging ensemble strategy is a class of typical ensem-
ble strategy, the weight determination is heavily depended on the validation samples.
When there is no validation subset in data division, this ensemble strategy will be
useless. For this reason, this study attempts to propose an adaptive weight determi-
nation method based on an adaptive linear neural network (ALNN) model.
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The ALNN is a single-layer neural network, where the transfer function is a pure
linear function, and the learning rule is Widrow-Hoff (i.e. least mean squared (LMS)
rule) [3]. Typically, the mathematical form is expressed by

F(x) = ϕ(∑m
i=1 wi f (xi)+ b), (7)

where f (xi) (i =1, 2, . . . , m) represents the input variables, F(x) is the output, b is
a bias, wi(i =1, 2, . . . , m) is the connection weight, m is the number of input nodes,
and φ (·) is the transfer function, which is determined by the ALNN.

3 Experiment Study

3.1 Data Description and Experiment Design

In this subsection, an England credit application approval dataset is used. It is from a
financial service company of England, obtained from accessory CDROM of Thomas
et al. [8]. The dataset includes detailed information of 1225 applicants, including
323 observed bad applicants. In the 1225 applicants, the number of good cases (902)
is nearly three times that of bad cases (323). To make the numbers of the two classes
near equal, we triple the number of bad cases, i.e. we add two copies of each bad
case. Thus the total dataset grows to 1871 cases. The purpose of doing this is to
avoid having too many good cases or too few bad cases in the training samples.
Then we randomly draw 1000 cases comprising 500 good cases and 500 bad cases
from the total of 1871 cases as the training samples and treat the rest as testing
samples (i.e. 402 good applicants and 469 bad applicants). In these cases, each case
is characterized by 14 decision attributes, which are described in [8].

Using this dataset and previous descriptions, we can construct a practical SVM-
based multiagent ensemble learning system for GDM. The basic purpose of the
multiagent ensemble learning model is to make full use of knowledge and intelli-
gence of each agent in the multiagent system. In the multiagent decision making
system, intelligent techniques rather than human experts are used as agents, which
is different from traditional multiagent system. In this study we use SVM with much
dissimilarity as learning agents for the purpose of GDM.

Subsequently, in order to investigate the impacts of diversity strategy and en-
semble strategy on the performance of multiagent ensemble learning system, we
perform different experiments with different diversity strategies and ensemble strate-
gies. When testing the effects of diversity strategies on performance of multiagent
ensemble learning system, the ensemble strategy is assumed to be fixed. Simi-
larly, the diversity strategy will be fixed if the effects of ensemble strategies on
performance of multiagent ensemble learning system are tested.

In the testing of diversity strategies, majority voting based ensemble strategy is
adopted. For data diversity, bagging algorithm is utilized. In this study, we use 5 dif-
ferent training scenarios for SVM learning. In this case, the SVM model with RBF
kernel is used as the learning agent. The parameters of SVM are determined by grid
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search. For parameter diversity, the upper bound parameter C and RBF kernel pa-
rameter σ will be varied. In this case, the SVM model with the RBF kernel is used
as the learning agent. The training data used is the initial training data produced by
data division. For kernel diversity, three typical kernel function, polynomial func-
tion, RBF function and sigmoid function are used. In this case, the parameters of
SVM are determined by grid search. The training data used is the initial training
data produced by data division.

In the testing of ensemble strategies, bagging-based diversity strategy is used. In
this case, the SVM model with Gaussian kernel is used as intelligent learning agent.
The parameters of SVM are determined by grid search.

To guarantee the robustness of the SVM model, the two-fold cross validation
(CV) method is used. In the two-fold CV method, the first step is to divide the
training dataset into two non-overlapping subsets. Then we train a SVM using the
first subset and validate the trained SVM with the second subset. Subsequently, the
second subset is used for training and the first subset is used for validation. Use
of the two-fold CV is actually a reasonable compromise, considering the computa-
tional complexity of the SVM learning paradigms. Furthermore, an estimate from
the two-fold CV is likely to be more reliable than an estimate from a common prac-
tice using a single validation set. Besides model robustness, validation sample of
this experiment is also used to find weights for different agents for ensemble pur-
pose. Typically, three evaluation criteria, Type I Accuracy, Type II Accuracy and
Total Accuracy are used to measure classification results.

3.2 Experiment Results

In this subsection, four different experiments about data diversity, parameter di-
versity, kernel diversity, and ensemble strategy are conducted. In the data diversity
testing, the main goal is to test the effect of the number of training samples on the
generalization performance of the multiagent ensemble learning model. For this pur-
pose, we adopt the bagging algorithm to create 500, 1000, 2000 and 5000 different
training samples (4 scenarios), as mentioned previous. Using different training sam-
ples, different single SVM models with different contents can be produced. With
the trained SVM models, some classification results can be achieved. Using the ma-
jority voting strategy, the final multiagent group decision results are obtained from
multiagent ensemble learning system. Accordingly the final results are shown in
Table 1. Note that the values in brackets are standard deviations.

As can be seen from Table 1, two conclusions can be easily found. On the one
hand, as the increase of the number of training samples, the performance improve-
ments are generally increased. On the other hand, performance improvement degree
from 500 samples to 1000 samples are larger than the performance improvement
degree from 1000 samples to 5000 samples, which indicate that the performance
improvement degree is not fully dependent of the number of training samples.

In the parameter diversity testing, the SVM model with Gaussian kernel is used
as intelligent learning agent, as specified in Section 3.1. Therefore different upper
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Table 1 Performance comparisons of SVM ensemble learning with data diversity

Training Samples Type I (%) Type II (%) Total Accuracy (%)

500 69.38 [3.23] 66.36 [3.71] 67.82 [3.52]
1000 73.44 [2.81] 67.93 [3.26] 70.54 [3.03]
2000 73.97 [2.76] 68.14 [3.15] 70.91 [2.87]
5000 73.65 [2.73] 68.72 [3.29] 71.06 [2.85]

bound parameter C and kernel parameter σ are used to create diversity. In particular,
the upper bound parameter C varies from 10 to 90 with step size of 20 and the kernel
parameter σ changes from 10 to 90 with step size of 20. Some computational results
are shown in Table 2.

Table 2 Performance Comparisons of SVM ensemble learning with different parameters

C σ Type I (%) Type II (%) Total Accuracy (%)

10 10, 30, . . . , 90 67.22 [4.31] 63.45 [3.76] 65.11 [3.88]
30 10, 30, . . . , 90 68.45 [3.43] 64.89 [3.87] 66.43 [3.63]
50 10, 30, . . . , 90 70.08 [3.24] 65.23 [4.54] 67.62 [3.93]
70 10, 30, . . . , 90 71.54 [3.98] 67.46 [4.22] 69.54 [4.07]
90 10, 30, . . . , 90 70.12 [4.02] 68.82 [4.65] 69.21 [4.36]
10, 30, . . . , 90 10 69.43 [4.13] 67.56 [3.78] 68.74 [4.04]
10, 30, . . . , 90 30 68.45 [4.34] 66.19 [3.98] 67.18 [4.17]
10, 30, . . . , 90 50 68.34 [4.28] 64.45 [4.34] 66.78 [4.32]
10, 30, . . . , 90 70 67.23 [4.54] 66.68 [3.56] 66.87 [4.03]
10, 30, . . . , 90 90 66.43 [4.38] 65.67 [4.78] 65.94 [4.56]

From Table 2, we can find that different parameter settings can lead to different
generalization performance, but the differences are insignificant. Concretely speak-
ing, the classification performance on the testing data increases when C increases
from 10 to 70, but classification performance decreases when C increases from 70 to
90. Thus a suitable upper bound parameter is of utmost importance to SVM learn-
ing. The main reason is that the regularized parameter C is an important trade-off
parameter between margin maximization and tolerable classification errors. If the
selection of regularized parameter C is inappropriate, it might lead to an unexpected
generalization results. However, for kernel parameter σ 2, it is difficult to find similar
results and the possible reason is worth further exploring in the future research.

Similarly, we can also use different kernel functions to create multiagent SVM
ensemble learning system for group decision making. For this purpose, three dif-
ferent kernel functions: polynomial function, sigmoid function and RBF function
are used for testing. In order to construct a diverse ensemble learning system, 1000
copies of the same training dataset are replicated. In the 1000 training samples,
different kernel functions are hybridized to create the kernel diversity. Note that
in every experiment only one kernel function dominates the multiagent ensemble
learning system. Detailed configuration of the kernel functions and corresponding
computational results are shown in Table 3.
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Table 3 Performance comparisons of SVM ensemble learning with kernel diversity

Kernel Functions Type I (%) Type II (%) Total Accuracy (%)

600Poly+200Sig+200RBF 64.76 [4.76] 61.89 [5.05] 63.25 [4.94]
200Poly+600Sig+200RBF 68.14 [4.28] 65.51 [4.69] 66.68 [4.55]
200Poly+200Sig+600RBF 71.32 [4.93] 68.13 [4.71] 68.59 [4.87]

From Table 3, several interesting results are found. First of all, the multiagent
ensemble learning system dominated by Gaussian-type kernel function can produce
the best classification results, followed by sigmoid kernel and polynomial kernel.
Second, relative to the polynomial kernel function, there is a significant difference
at 10% level by two-tail t-test. Third, although the ensemble learning system domi-
nated by RBF kernel has an advantage over the ensemble learning system dominated
by sigmoid kernel, but the robustness of the former is slightly worse than that of the
latter. The possible reason is unknown, which is worth further exploring.

Subsequently, we mainly test the effects of ensemble strategy on overall perfor-
mance in multiagent GDM system. As described above, bagging-based diversity
strategy is used. Particularly, 1000 training samples are replicated by bagging al-
gorithm in this section. In addition, the SVM models with RBF kernel function are
used as the learning agent. The parameters of SVM are determined by grid search.
Particularly, three main ensemble strategies: majority voting, TA-based weighted
averaging and ALNN-based adaptive weighting, are used for comparison. Note
that the same SVM-based classifiers with different training samples are adopted.
Accordingly, the computational results are shown in Table 4.

Table 4 Performance comparisons of SVM ensemble model with different ensemble
strategies

Ensemble Strategies Type I (%) Type II (%) Total Accuracy (%)

Majority voting 68.63 [5.43] 66.24 [5.72] 67.31 [5.55]
TA-based weighted averaging 69.96 [4.65] 67.45 [4.21] 68.62 [4.37]
ALNN-based adaptive weighting 72.52 [4.63] 69.98 [4.44] 71.19 [4.53]

As can be seen from Table 4, we can find that (1) the ALNN-based adaptive
weighting approach to ensemble learning can produce the best result among the
three ensemble strategies listed in this study. (2) Of the three ensemble strategies,
the majority voting strategy is the worst. The main reason is that that it ignores
the existence of diversity that is the motivation for multi-agent ensemble learning
system [9]. (3) Performance improvement (71.19-68.62) of the ALNN-based adap-
tive weighting ensemble strategy relative to TA-based weighted averaging ensemble
strategy is much better than that (68.62-67.31) of the TA-based weighted averaging
ensemble strategy relative to majority voting ensemble strategy. (4) Relative to the
majority voting ensemble strategy, there is a significant difference by two-tail t-test,
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which indicates that the ALNN-based adaptive weighting ensemble learning system
is a promising ensemble strategy for multiagent ensemble learning system.

4 Conclusions

In this study, a multi-stage SVM-based multiagent ensemble learning paradigm is
proposed for group decision making problem. Empirical results show that different
diversity strategies and different ensemble strategies can produce different impact on
performance of group decision making problem. Particularly, data diversity is better
than other two diversity strategies. Meantime, ALNN-based ensemble strategy is
better than other weighting strategies. These interesting findings provide a useful
guidance to construct an efficient SVM-based multiagent ensemble learning system.
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Probability Collectives: A Decentralized, Distributed 
Optimization for Multi-Agent Systems 

Anand J. Kulkarni and K. Tai1 

Abstract. Complex systems may have many components that not only interact but 
also compete with one another to deliver the best they can to reach the desired sys-
tem objective. As the number of components grows, complexity and communica-
tion also grow, making them computationally cumbersome to be treated in a  
centralized way. It may be better to handle them in a distributed way and decom-
posed into components/variables that can be seen as a collective of agents or a 
Multi-Agent System (MAS). The major challenge is to make these agents work in 
a coordinated way, optimizing their local utilities and contributing towards opti-
mization of the global objective. This paper implements the theory of Collective 
Intelligence (COIN) using Probability Collectives (PC) in a slightly different way 
from the original PC approach to achieve the global goal. The approach is demon-
strated successfully using Rosenbrock Function in which the variables are seen as 
agents working independently but collectively towards a global objective. 

1   Introduction 

The desired system objective of a complex system is achieved by its various compo-
nents delivering their best by interacting and competing with one another. Tradition-
ally, the complex systems were seen as centralized systems, but as the complexity 
grew, it became necessary to handle the systems using distributed and decentralized 
optimization. In a decentralized approach, the system can be divided into smaller sub-
systems and optimized individually to get the system level optimum. 

In the approach presented in this paper, the system was divided into subsystems 
and each subsystem was considered as an agent. The framework of Collective In-
telligence (COIN) is an approach to design a collective, which includes the com-
putational agents working to enhance the system performance. Essentially, in 
COIN approach, the agents select actions over a particular range and receive some 
rewards on the basis of the system objective achieved because of those actions. 
The process iterates and reaches equilibrium when no further increase in reward is 
possible for the individual agent by changing the actions further. This equilibrium 
concept is known as Nash Equilibrium [1]. This concept can be successfully form-
alized and implemented through the concept of Probability Collectives (PC). This 
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approach works on probability distribution, directly incorporating uncertainty. The 
PC approach was implemented by the authors of this paper in their earlier work 
[2]. The modified PC approach is presented here.  

The paper is organized as follows. Section 2 presents an overview of some ap-
plication areas of distributed Multi-Agent System (MAS). A review of COIN us-
ing PC theory and the relevant concepts are given in Section 3. It is followed by 
the formulation of PC theory in Section 4. Section 5 illustrates the theory using the 
test problem, followed by results and discussion. Some concluding remarks and 
future work are given in Section 6. 

2   Distributed, Decentralized, Cooperative MAS 

Complex adaptive systems characterized by the interaction of agents benefit from 
highly distributed and parallel processes that lead to enhanced robustness and 
computational speed [3]. This is the major reason why MASs have been success-
fully applied to various engineering applications such as engineering design, 
manufacturing, scheduling, logistics, sensor networks, vehicle routing, UAV path 
planning and many more are currently being researched. 

In the approach presented by [3], the agents in MASs handle the pre- and post-
processing of various computational analysis tools such as spreadsheets or CAD 
systems in order to have a common communication between them. These agents 
communicate through a common framework where they act as experts and com-
municate their results to the centralized design process. As the number of design 
components increase, the number of agents and the complexity also increases. 
This results in the growing need for communication, making it computationally 
cumbersome for a centralized system. This is one of the reasons that centralized 
approach is becoming insignificant in the concurrent design. 

Designing a MAS to perform well on a collective task is non-trivial. A case 
study on token retrieval problem is demonstrated by [4] and showed that the 
straightforward agent learning in MAS cannot be implemented as it can lead to 
suboptimal solution and also may interfere with individual interests. This is re-
ferred to as ‘Tragedy of Commons’. It also highlights the inadequacy of classic 
Reinforcement Learning (RL) approach. The attractive option is to devise a dis-
tributed system in which different parts are referred to as agents which contribute 
towards a common aim.  

A very different distributed MAS approach is illustrated in [5] to provide a 
monetary conflict-resolution mechanism to accommodate the project schedule 
changes referred to as Distributed Coordination Framework for Project Schedule 
Changes (DCPSC). The objective is the minimization of the total extra cost each 
sub-contactor has to incur. The authors refer every sub-contractor as a software 
agent to enhance communication using internet. The agents in this distributed sys-
tem compete and take socially rational decision to maintain logical sequence of 
the network. 

In [6], supply chain management system is demonstrated using COIN ap-
proach. Various components in the supply chain act as agents. Some of them are 
Ware-house Agents, Manufacturer agents, Retailer Agents, etc. These agents are 
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assigned action sets. Depending upon the relationship between the agents,  
environmental states and other agents’ actions, each individual agent selects  
appropriate action to fulfill individual goal towards the optimum. Supply chain 
system is also addressed using a distributed MAS approach of Ant Colony  
Optimization [7]. The results clearly show that distributed MAS outperforms  
centralized approach. 

Area of Unmanned Vehicles (UVs) or Unmanned Aerial Vehicles (UAVs) is a 
potential application which can be implemented in decentralized and distributed 
way. Mainly, this research is for conflict resolution, collision avoidance, better 
utilization of air-space and mapping efficient trajectory [8], [9].  

3   Collective Intelligence (COIN) Using Probability Collectives 
(PC) Theory 

3.1   Probability Collectives (PC) 

A collective is a group of learning agents, which are self interested and work in 
some definite direction to optimize the local rewards or payoffs, which also opti-
mizes the global or system objective. The system objective is also referred to as 
world utility and is a measure of performance of the whole system. Probability 
Collectives (PC) theory is a broad framework for modeling and controlling dis-
tributed systems, and it has deep connections to Game Theory, Statistical Physics, 
and Optimization [10]. 

The method of PC theory is an efficient way of sampling the joint probability 
space, converting the problem into the convex space of probability distribution. 
PC considers the variables in the systems as individual agents/players of a game 
being played iteratively [11]. Unlike stochastic approaches such as Genetic Algo-
rithms (GA), Swarm Optimization and Simulated Annealing (SA), rather than de-
ciding over the agent’s moves/set of actions, PC allocates probability values to 
each agent’s moves. In each iteration, every agent independently updates its own 
probability distribution to select a particular action out of its strategy set having 
the highest probability of optimizing its own utility (private utility) which also re-
sults in optimizing the world utility or system objective [10]. This is based on the 
prior knowledge of the actions/strategies of all other agents. 

3.2   Advantages of PC 

PC approach has the following advantages over the other tools that can be used in 
optimizing collectives.  

1. PC is a distributed solution approach in which each agent independently up-
dates its probability distribution at any time instance and can be applied to con-
tinuous, discrete or mixed variables, etc. [10], [11], [12]. The probability of the 
strategy set is always a vector of real numbers, regardless of the type of data 
under consideration. This exploits the techniques of the optimization for 
Euclidean vectors, such as gradient descent. 
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2. It is robust in the sense that the cost function (Global Utility function) can be ir-
regular or noisy i.e. can accommodate noisy and poorly modeled problems 
[10], [13]. 

3. It provides sensitivity information about the problem in the sense that a  
variable with a peaky distribution (having highest probability value) is more 
important in the solution than a variable with a broad distribution i.e. peaky dis-
tribution provides the best choice of action that can optimize the global utility 
[10], [13]. 

4. The minimum value of the global cost function can be found by considering the 
maxent Lagrangian equation for each agent (variable) [11]. 

5. It can include Bayesian prior knowledge [12]. 
6. It can efficiently handle the problems having large number of variables [13]. 

These advantages of PC make it a competitive choice over other algorithms. The 
key concept of PC theory is that the minimum value of the world utility can be 
found by considering the maximum entropy (maxent) of agent/variable. 

4   COIN Formulation 

The detailed implementation of COIN using PC theory is as follows, with the  
algorithm flowchart represented in Figure 1. 

Consider there are N  agents. Each agent i  is given a strategy set iX   

represented as 

                            
  

[ ][1] [2] [3]{ , , ,..., }im
i i i i iX X X X=X   ,       { }i 1,2,..., N∈                       (1) 

where im  is the number of strategies for agent i . 

1. Assign uniform probabilities to the strategies of Agent i . This is because, at 
the beginning, the least information is available (largest uncertainty) about 
which strategy is favorable and results in minimization of the objective func-
tion at the particular iteration under consideration of the particular values se-
lected by agents other than i  (i.e. guessed by agent i  ). Therefore, ‘at the  
beginning of the game’, each agent’s every strategy has probability 1/ im  of 

being most favorable. Therefore, probability of strategy r  of Agent i  is 

                                    [ ]( ) 1/r
i iq X m=   ,      1, 2,..., ir m=                                     (2) 

Agent i  selects its first strategy and samples randomly from other agents’ 
strategies as well. This is a random guess by agent i . This forms a ‘combined 
strategy set’ represented as 

                                         { }[ ] [ ] [?] [?] [?]
1 2 3, , , ...,r r

i NX X X X=Y                                     (3) 

Superscript [?] indicates that it is a ‘random guess’ and not known in advance. 
It is important to note that all the agents make their own ‘combined strategy 

sets’ [ ]r
iY . 
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From each of the ‘combined strategy sets’ [ ]r
iY  for agent i , compute the  

‘expected local utility’ for each agent i  with strategy i  as follows: 

                         [?] [ ]
( )

( )

( ) ( )r r r
i ii

i

Exp Utility of Agent i q q X G= •∏ Y                     (4) 

where ( )i  represents every agent other than i  and G is World Utility/System 

Objective. 
Compute the Expected Global Utility on the basis of these ‘combined strat-

egy sets’ for every agent i . This is problem dependent. Update the probabili-
ties of all the strategies of each agent i  using Boltzmann’s temperature T  as 
follows, 

[ ] [ ]
.( ) ( ) ( )r r r

i i step i r updateq X q X q X kα← − •    (5)
 

       where [ ]
.

( )
( ) ln( ( ))r

r update i i

Contribution of Agent i
k S q q X

T
= + +  and                 (6) 

rContribution of Agent i Exp Utility of Agent i Exp Global Utility= −  (7) 

2. Using the above second order update rule, the strategy having maximum con-
tribution towards the minimization of the objective is separated from the other 
strategies, i.e. its probability is increased iteratively. 

For any agent i , if strategy r  contributes more towards minimization of the 
objective than other strategies, its probability increases with certain amount 
greater than the other strategies. This updating continues for predefined number 
of iterations to get clear probability distribution showing the highest probability 
for certain strategy value. 
    Compute the ‘entropy’ of every agent’s probability distribution as 

∑
=

−=
im

r

r
i

r
ii XqXqqS

1

][][ )(ln).()(  (8)
 

Entropy is the indication of the information availability. It increases when the 
information becomes clearer and reaches to maximum when information avail-
able also reaches to the maximum. When the entropy reaches the maximum, the 
probability distribution available clearly distinguishes every strategy’s contribu-
tion towards the minimization of the Expected Global Utility. 

    For detailed discussion on entropy refer to [10]. 
     Repeat the procedure from Step 2 through Step 3 for predefined iterations k . 

3. For each agent, identify the strategy, which contributes the maximum in mini-
mizing the Global Utility and refer to it as the ‘favorable strategy’. 
     Store the following results: 

1. The ‘favorable strategy value’ 
2. The ‘sampling matrix’ from which the ‘favorable strategy’ achieved 
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Fig. 1 Algorithm of PC Approach Implemented 

Sample around ‘favorable strategy’ to select neighboring values within the 
range, 

(0.5)New Strategy Limits Favorable Strategy Favorable Strategy= ± ×      (9) 

4. Call the ‘most favorable strategy’ out of all stored, along with its corresponding 
‘sampling matrix’. 
     Repeat the procedure from Step 1 through Step 5 for predefined iterations n . 

5. Sample around the ‘most favorable result’ to select neighboring values in the 
reduced range 
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(0.1)New Strategy Limits Favorable Strategy Favorable Strategy= ± ×  (10) 

6. Output the ‘recent strategy’ values and the corresponding objective function. 
Repeat the procedure from Step 1 through Step 7 until the convergence  
criterion is satisfied or for predefined number of iterations s . 

It is worth to mention that the convergence criterion in the present PC approach 
was the number of predefined iterations and/or there is no change in final goal 
value for a considerable number of iterations. On the other hand, the convergence 
criterion in the PC approach originally presented by [12], [13] and also by the au-
thors of this paper in their previous work presented in [2] was number of iterations 
for which there is no change in the highest probability value of the most favorable 
strategy. Also, sampling in further stages of the PC algorithm presented here is 
done using the range selection in the neighborhood of the most favorable value in 
the particular iteration while the original PC approach uses regression and data ag-
ing approach. 

5   Results for Rosenbrock Function Using COIN 

There are a number of benchmark test functions for contemporary optimization 
algorithms like GAs and evolutionary computation. The Rosenbrock function is an 
example of a non-linear function having strongly coupled variables and is a real 
challenge for any optimization algorithm because of its slow convergence for most 
of the optimization methods [14], [15]. The Rosenbrock Function with N  number 
of variables is given by 

                           ( ) ( ) ( )
1 2 22

1
1

1 0 0 1
N

i i i
i

f x x x
−

+
=

⎡ ⎤= − + −⎢ ⎥⎣ ⎦∑X                        (11) 

where [ ]1 2 3....... Nx x x x=X   ,     lower limit upper limitix≤ ≤  and the global 

minimum is at ( )* 0f =X , [ ]* 1 1 1........1=X . A difficulty arises from the fact 

that the optimum is located in a deep and narrow parabolic valley with a flat bot-
tom. Also, gradient based methods may have to spend a large number of iterations 
to reach the global minimum. 

In the context of COIN, the function variables were seen as a collection of 
agents with each variable represented as an autonomous agent. These agents com-
peted with one another to optimize their individual values and ultimately the entire 
function value (i.e. global utility). Each agent randomly selected the strategy 
within the range of values specified to each agent. Although the optimal value of 
each and every variable ix  is 1, the allowable range for each variable (agent) was 

intentionally assigned to be different (as shown in Table 1). To get the refined re-
sults and reach the convergence faster, 42 strategies were considered for every 
agent from within the pre-specified range. The starting probabilities assigned for 
each strategy selected randomly was uniform i.e. 1/42. The procedure explained in 
Section 4 was followed to reach the convergence. 
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Fig. 2 Results for Trial 5 

Table 1 Performance using PC Approach 

Strategy Values Selected with Maximum Probability Agents/ 

(Variables) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Range of Values

Agent 1 1 0.9999 1.0002 1.0001 0.9997 -1.0 to 1.0 

Agent 2 1 0.9998 1.0001 1.0001 0.9994 -5.0 to 5.0 

Agent 3 1.0001 0.9998 1 0.9999 0.9986 -3.0 to 3.0 

Agent 4 0.9998 0.9998 0.9998 0.9995 0.9967 -3.0 to 8.0 

Agent 5 0.9998 0.9999 0.9998 0.9992 0.9937 1.0 to 10.0 

Fun. Value 2 × 10-5 1 × 10-5 2 × 10-5 2 × 10-5 5 × 10-5  

Fun. Eval. 288100 223600 359050 204750 249500  

The problem was coded in MATLAB 7.4.0 (R2007A). The results of 5 trials 
are shown in Table 1. The results for Trial 5 are plotted in Figure 2. For Trial 5, 
value of the function at iteration 113 was accepted as the final one as there was no 
change in the function for considerable number of iterations. The little inconsis-
tency in the function value and the number of function evaluations was due to the 
randomness in selection of the strategies. A number of researchers have solved the 
Rosenbrock Function using various algorithms. Table 2 summarizes the results  
obtained by these various algorithms: Chaos Genetic Algorithm (CGA) [14], Punc-
tuated Anytime Learning (PAL) system [15], Modified Differential Evolution 
(Modified DE) proposed by [16] and Loosely Coupled GA (LCGA) is imple-
mented by [17] are some of the algorithms demonstrated on the Rosenbrock  
function.  

Referring to Table 2, every variable was assigned the identical range of allow-
able values, contrary to Table 1 with each variable having different allowable 
ranges. Further, even with more number of variables, function values are much 
better in Table 1 compared to Table 2. This makes it clear that the approach  
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presented here produced fairly good comparable results to those produced by  
previous researchers. 

Furthermore, Monte Carlo sampling used in the original PC approach [11], was 
computationally expensive and slow as the number of samples may be in thou-
sands or even millions. On contrary, in the modified PC approach presented here, 
pseudorandom scalar values drawn from uniform distribution were fewer in num-
ber. Also, the regression (necessary in the original approach to fit the individual 
utility inside the individual range domain) was completely avoided here, making 
the modified approach computationally less expensive. Most significantly, with 
every iteration the sampling range of individual variables (agents) was narrowed 
down, ensuring faster convergence and an improvement in efficiency over the 
original PC approach. 

Table 2 Performance Comparison of Various Algorithms solving Rosenbrock Function 

Method No. of Var./Agents Function Value Function Evalua-
tions 

Var. Range(s)/ 
Strategy Sets 

CGA [14] 2 0.000145 250 -2.048 to 2.048 

PAL [15] 2 

5 

≈ 0.01 

≈ 2.5 

5250 

100000 

-2.048 to 2.048 

-2.048 to 2.048 

Modified DE [16] 2 

5 

1 × 10-6 

1 × 10-6 

1089 

11413 

-5 to 10 

-5 to 10 

LCGA [17] 2 ≈ 0.00003 -- -2.12 to 2.12 

6   Conclusions and Future Work 

The methodology successfully demonstrated the application of COIN using PC 
theory. Authors believe that the algorithm is made simpler by changing the sam-
pling method and convergence criterion. It was also evident that the growing 
complexity can be handled by decomposing the system into smaller subsystems or 
agents. The implementation of the Rosenbrock function highlighted that the ap-
proach yielded optimum solution for coupled variables. This indicated the further 
investigation in the fields related to the problem of Traveling Salesman and path 
planning of the Multiple Unmanned Vehicles (MUVs). Authors also see the poten-
tial application in the dynamic fields such as machine shop scheduling, distributed 
sensor networks and vehicle routing in which every agent has different local utility 
functions. 
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Shape from Focus Based on Bilateral Filtering and 
Principal Component Analysis 

Muhammad Tariq Mahmood, Asifullah Khan, and Tae-Sun Choi1 

Abstract. Three dimensional (3D) shape reconstruction of an object, from its two 
2D images, is an important aspect in machine vision applications. Shape from 
focus (SFF) is a passive optical method for 3D shape recovery in which best-
focused points are located among the image sequence. However, existing 
approaches largely rely on gradient-based sharpness measures and thus are noise 
sensitive. Moreover, these approaches locally compute focus quality by summing 
focus values within a window and consequently produce coarse surface. This 
paper introduces a new SFF method based on bilateral filtering (BF) and principal 
component analysis (PCA). In the first step, a sequence of neighborhood vectors is 
convolved with BF and then in the second step, PCA is applied on the resultant 
matrix to transform data into eigenspace. The score for the first component is 
employed to compute the depth value. The comparative analysis demonstrates the 
effectiveness of the proposed method. 

1   Introduction 

Shape from focus (SFF) is a passive optical method for 3D shape reconstruction of 
an object from its 2D images. SFF has numerous applications in computer vision, 
range segmentation, consumer video cameras, and video microscopy [1]-[2]. In 
SFF methods, a sequence of images is acquired either by relocating the object 
along the optical axis in small steps or by changing the focal length of the lens in 
the camera. A sharpness criterion or a focus measure is applied on each pixel in 
every frame for measuring the focus quality. The sharpest pixel among the 
sequence provides depth information. Further, an approximation method is applied 
to refine the initial results. 

Usually in conventional SFF methods, image volume is convolved with 
Laplacian or Sobel operators and the focus quality for each pixel is estimated by 
aggregating resultant values within a small 2D window. The depth is then 
computed by maximizing the focus quality along the optical axis. The size of 
window affects the depth map accuracy as well as the computational complexity 
[3]-[4]. Bilal and Choi [5] suggested 3D window for computing accurate depth 
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maps. The performance of these SFF techniques largely depends upon detection of 
sharp variation in intensities such as the edges using high pass filters. However, a 
shortcoming of these operators is that the noise may also be enhanced. Therefore, 
the performance of these methods deteriorates, especially, in noisy environment. 
Moreover, the summation of convolved values within the window produces a 
single scalar value for each pixel of the current frame. However, it increases the 
difference between two adjacent frames and therefore, may produce coarse surface 
as well as an inaccurate depth map of the object. 

In this paper, we introduce a novel method for 3D shape recovery based on 
bilateral filtering (BF) and principal component analysis (PCA). In the first 
step, the sequence of neighborhood vectors is convolved with bilateral filter, 
which enables us to suppress noise and to preserve edges simultaneously. In the 
second step, instead of local summation, PCA is applied on the resultant matrix 
to transform the convolved data into eigenspace. The score for the first 
component is employed to calculate the depth value. The experimental results 
show that the new method is more accurate and robust when compared with 
previous methods. 

2   Related Work 

The first step in SFF algorithms is to apply a focus measure. In literature, many 
focus measures have been reported in the spatial as well as in the frequency 
domain [6]. Modified Laplacian (ML), sum modified Laplacian (SML), 
Tenenbaum focus measure (TEN), and gray level variance (GLV) are well 
known among them. The performance of ML is deteriorated due to the 
cancellation of derivatives in the opposite direction. Nayar and Nakagawa [7] 
proposed SML to overcome this limitation. In SML, an image is convolved 
with Laplacian operator and the focus value is calculated by summing the 
resultant absolute values over a small window. Tenenbaum [8] proposed a 
focus measure by convolving an image with horizontal and vertical Sobel 
masks and then accumulating the energy of resultant gradient vector 
components. The GLV focus measure is based on the idea that the sharp pixels 
occupy high variations in gray level values while low variance belongs to 
blurred image structure. The focus value is calculated for the central pixel of 
the window by computing the variance of the intensity values. Few focus 
measures have also been proposed in discrete cosine transform (DCT) domain. 
Baina et al. [9] proposed the energy of the AC part as a focus measure. Shen 
and Chen [10] suggested that the ratio between energies of AC and DC parts is 
a better choice for measuring the focus quality. Kristan et al. [11] proposed the 
entropy of the normalized DCT coefficients as a focus measure. 

In order to get a refined depth map, an approximation method follows the focus 
measure. Nayar and Nakagawa [7] proposed SFF method based on Gaussian 
interpolation. Three focus values near the peak, computed by SML, are fitted to 
the Gaussian model and the position of the mean value is taken as optimal depth 
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value. Subbarao and Choi[12] introduced the concept of focused image surface 
(FIS) and proposed a method to recover an accurate 3D shape by using initial 
estimate taken through SML. Yun and Choi[13] suggested the estimation of FIS 
through piecewise curved surface approximation. Bilal and Choi[1] proposed a 
SFF method using dynamic programming (DP) to obtain an optimal FIS. Malik 
and Choi[2] applied the fuzzy inference system for computing the depth map. 
Recently, we applied PCA on the sequence of neighborhood vectors to estimate 
accurate 3D shape [14]. These methods provide better results when compared with 
the traditional methods, but are computationally expensive. 

3   Proposed Algorithm 

3.1   Motivation 

The main idea behind our approach is to apply PCA on the filtered data instead of 
original intensities. PCA transforms the data into eigenspace such that the 
principal axis is in the direction of maximum variation. Thus, first few 
components contain more variance whereas noisy information is generally 
collected in lower order components. However, image pixels acquired from a 
CCD camera are the convolution of actual pixel values and point spread function 
(PSF). Therefore, many conventional SFF approaches use high pass filters such as 
Lalacian and Sobel operators to measure the sharpness and following it with local 
aggregation of the resultant values. The performance of these operators 
deteriorates significantly, as they may amplify noise. Therefore, to tackle these 
shortcomings, we propose a new method based on BF and PCA. BF is a non-linear 
filter and has the ability to simultaneously preserve edges on one side and 
suppress noise on the other side. Additionally, instead of locally summing focus 
values, PCA is proposed to obtain the axis of maximum variance in the filtered 
data.  

3.2   Bilateral Filtering 

An image sequence ),,( ZYXI consisting of Z images of an object, each of X×Y 
dimensions, is obtained by moving object away from the camera in small steps in 
the optical axis direction. We set i=1, 2, 3,…,X, j=1, 2, 3,…,Y and k=1, 2, 3,…,Z, 
indices for X, Y, and Z. By considering a small window of size N × N around a 
pixel, the neighborhood is arranged into a vector having dimensions 12 ×N . By 
collecting all these vectors along the optical axis, we obtain a matrix of size nZ×  

( 2Nn = ). We then apply bilateral filter on this matrix. 
Bilateral filtering is a non-linear filtering approach [15] and is effective for 

noise removal from images while preserving the edges. Both the intensities and 
locations of a pixel’s neighborhood are weighted through Gaussian function.  
In other words, it is a combination of two Gaussian filters; one concerning  
pixel’s intensity and the other relating to pixel’s spatial position. A small 
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neighborhood ),( yx around central pixel ),( 00 yx is considered and formulae (1)-(2) 

are used to compute weight matrices ),( yxr and ),( yxg for the range and domain 

filters, respectively. 
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The response of BF denoted by ),( 00 yxh is then computed by aggregating the 

product of original pixel intensities ),( yxf and the output from (1) and (2). 
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where P is a normalizing factor and q is the neighborhood size. Optimal values for 
the parameters rσ and dσ in equation (1) and (2) are obtained by using Genetic 

Algorithms (GA). A bit string for both parameters is constructed as a 
chromosome. An initial population consisting of 30 chromosomes is considered. 
Minimization of the squared difference between computed and the actual depth 
value is used as fitness criteria. The algorithm is cycled for 50 generations and the 
optimal values of the parameters are computed. 

3.3   Transformation into Eigenspace 

PCA has been widely used in feature extraction and pattern recognition 
applications [16]. After applying BF, we obtain a resultant matrix M of the 
size nZ× . PCA is applied on this matrix [ ]knmM = . Mean vector nμ  and 

covariance matrix C are computed by using formulae (4) and (5) respectively. 
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Eigenvalues and their corresponding eigenvectors are computed for the matrix C . 
If columns of E are the set of ordered eigenvectors, then the transformed data F in 
eigenspace is obtained by multiplying the mean subtracted data with the matrix E. 
The columns of the transformed matrix F are known as the principal components 
or features in eigenspace. 

)( nkn μmEF −=  (6) 
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3.4   Depth Map Generation 

The analysis of the features obtained by PCA shows that the first principal 
component provides high discriminating power regarding focus information as 
compared to others. Therefore, it is reasonable to compute the depth map using 
only first feature (discussed in section 4.2). The depth value for an object point 

),( ji  is computed by using formula (7).   

Zkk
k

ji ≤≤= 1,argmax 1),( fD  (7) 

It locates the position of the maximum absolute value in the first 
component 1kf .The algorithm iterates XY times to compute the complete depth 

map for the object. 

4   Results and Discussion 

Image sequences of synthetic and real objects were experimented for evaluating the 
performance of the proposed method. A sequence of 97 images of simulated cone 
was generated synthetically by using simulation software. Two image sequences of 
real objects TFT-LCD color filter and coin, consisting each of 60 images, were 
obtained from the microscope control system (MCS). The details about MCS can 
be found in [5]. Sample images of these objects are shown in Fig. 1. 

               

                 (a)                                     (b)                                    (c) 

Fig. 1 Images of sample objects (a) Simulated cone (b) TFT-LCD color filter (c) coin 

4.1   Performance Measures 

The performance of a focus measure is usually gauged on the basis of unimodality 
and monotonicity of the focus curve. Yang et al. [17] used the resolution metric 
for the focus measure evaluation. It computes the deviation of the fitted (Gaussian 
or quadratic) focus curve from the best focused position. According to the 
Heisenberg uncertainty principle, the resolution R for a focus measure function is 
defined as 
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where oz  is the lens position corresponding to the best focus point, Z is the 

number of total lens positions and f is the Euclidian norm of the focus measure 

function. The sharper curve near the best focus position indicates better results and 
depicting that how well the out-of-focus features are suppressed. In addition, two 
global statistical metrics, Root Mean Square Error (RMSE) and correlation have 
also been applied for the evaluation of depth maps using synthetic image 
sequence. The RMSE is defined as 
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where X is number of pixels in horizontal direction, Y is number of vertical pixels 
in the image, ),( yxf is the original image, and ),( yxg is the processed 

image. The smaller the RMSE, the better the result will be. The correlation metric 
provides the similarity between the two depth maps. The higher the correlation, 
the results will be better.  

4.2   Analysis in Eigenspace 

Fig. 2 shows the different intermediate steps of the proposed algorithm. The object 
point (200,200) of the simulated cone is considered for experimentation. Fig. 2(a) 
represents the original pixels intensities for 97 positions by considering nine pixels 
for each position (3×3 window size). While fig. 2(b) shows the corresponding 
resultants values obtained through bilateral filtering. After applying PCA, the data 
is shown in eigenspace through Fig. 2(c). It can be observed that the first 
component in eigenspace provides a sharper and narrower peak among others. 
Lower order components contain noisy information regarding focus position and 
thus can be discarded.  

4.3   Accuracy Comparison 

The performance of the proposed algorithm is compared with SML, TEN, GLV, 
and DCT1 (ratio of AC and DC energies) using resolution, RMSE, and correlation 
metrics. Table 1 compares the resolution values computed for three object points 
from each test object, simulated cone, TFT-LCD color filter, and coin. We fitted 
the obtained focus curves to the Gaussian model and rescaled the function values 
to (0, 1). The resolution was computed by using seven positions on each side of 
the best focus position (peak). For the point (200,200) of simulated cone, the 75th 
position out of total 97 steps is considered to be the best focused position. The 
resolution computed for the proposed method was 1.9173, which was the smallest 
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                              (a)                                                                (b) 

 
                          (c) 

Fig. 2 Algorithm Analysis (a) Original data (b) Data obtained after applying bilateral 
filtering (c) Transformed data into eigenspace 

among all others. The resolution values of the object points (140,140) for the TFT-
LCD color filter and (245,245) for the coin, having the best-focused positions at 
43rd and 23rd frames respectively, were also computed. Table 1 compares the 
computed resolution values for different methods. It can be concluded that the 
proposed method has provided the lowest resolution values as compared with 
other methods. 

Table 1 Resolution Comparisons 

Algorithm Simulated cone TFT-LCD Coin 
SML 5.5603 3.8631 7.1269 
TEN 4.6644 2.2308 5.5956 
GLV 2.4331 0.7105 4.2162 
DCT1 3.3627 0.8557 5.8686 

Proposed 1.9173 0.1068 3.8336 

Table-2 shows the comparison of the RMSE and the correlation values obtained 
from different SFF methods using the image sequence of the simulated cone. The 
results obtained from the proposed method are comparable with original depth 
map of the simulated cone, while the RMSE value is the lowest one among others. 
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                              (a)                                                                (b) 

Fig. 3 Fitted focus measure curves to Gaussian model for (a) TFT-LCD color filter object 
point (140,140) (b) coin object point (245,245) 

         
               (a) SML                                                      (b) 

         
                 (c) GLV                                                    (d) 

    
               (e) DCT1                                              (f) 

Fig. 4 3D shapes reconstructed (a-b) simulated cone (c-d) TFT-LCD color filter (e-f) coin. 
(right column) 3D shapes recovered by proposed method 
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Table 2 Performance Comparison 

SFF Method   RMSE Correlation 
SML    8.7383    0.8920 
TEN 8.7872 0.8949 
GLV 9.3615 0.8905 
DCT1 8.6970 0.9170 

Proposed 8.3521 0.9453 

Fig.3 shows the focus curves fitted to the Gaussian model for the object points 
(140,140), (245,245) of TFT-LCD color filter and coin, respectively. We can 
observe that the curves obtained by proposed method are narrower and sharper 
near the best-focused positions as compared to existing methods.    

Fig. 4 shows the 3D shapes reconstructed for the test objects. It can be seen 
from the right column of the Fig. 4 that the 3D shapes recovered by the proposed 
approach are smoother and finer than those recovered by using other methods. It is 
also notable that the shapes reconstructed by existing approaches have coarse 
surface due to the local summation of focus values. 

5   Conclusion 

In this paper, we introduced a new method for SFF based on BF and PCA. Firstly, 
the sequence of neighborhood is convolved with BF and then in the second step, 
PCA is applied on the resultant matrix to transform data into eigenspace. By using 
BF, we achieved robustness against noise while preserving edges. On the other 
hand, by applying PCA, we are able to obtain the axis of maximum variance in the 
data. The position of the maximum absolute value from the score of the first 
component in eigenspace has been taken as depth value. The experimental results 
have shown the effectiveness of the proposed method. The research could further 
be extended to investigate the employment of intelligent approaches [18]-[20] for 
proper feature extraction and their subsequent exploitation for accurate depth map 
generation. 
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Detecting Hidden Information from Watermarked 
Signal Using Granulation Based Fitness Approximation  

Mohsen Davarynejad, Saeed Sedghi, Majid Bahrepour, Chang Wook Ahn,  
Mohammad-Reza Akbarzadeht, and Carlos Artemio Coello Coello 1 

Abstract. Spread spectrum audio watermarking (SSW) is one of the most secure 
techniques of audio watermarking. SSW hides information by spreading their 
spectrum which is called watermark and adds it to a host signal as a watermarked 
signal. Spreading spectrum is done by a pseudo-noise (PN) sequence. In conventional 
SSW approaches, the receiver must know the PN sequence used at the transmitter as 
well as the location of the watermark in watermarked signal for detecting hidden 
information. This method is attributed high security features, since any unauthorized 
user who does not access this information cannot detect any hidden information. 
Detection of the PN sequence is the key factor for detection of hidden information 
from SSW. Although PN sequence detection is possible by using heuristic 
approaches such as evolutionary algorithms, due to the high computational cost of 
this task, such heuristic tends to become too expensive (computationally speaking), 
which can turn it impractical. Much of the computational complexity involved in the 
use of evolutionary algorithms as an optimization tool is due to the fitness function 
evaluation that may either be very difficult to define or be computationally very 
expensive. This paper proposes the use of fitness granulation to recover a PN 
sequence with a chip period equal to 63, 127, 255 bits. This is a new application of 
authors’ earlier work on adaptive fitness function approximation with fuzzy 
supervisory. With the proposed approach, the expensive fitness evaluation step is 
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replaced by an approximate model. The approach is then compared with standard 
application of evolutionary algorithms; statistical analysis confirms that the proposed 
approach demonstrates an ability to reduce the computational complexity of the 
design problem without sacrificing performance. 

1   Introduction 

In recent years, digital watermarking has received considerable attention from the 
security and cryptographic research communities. Digital watermarking is a 
technique for hiding information bits into an innocuous-looking media object, 
which is called host, so that no one can suspect of the existence of hidden 
information. It is intended to provide a degree of copyright protection such as the 
use of digital media mushrooms [1]. Depending on the type of the host signal used 
to cover the hidden information, watermarking is classified into image 
watermarking and audio watermarking. In this paper we focus our results to audio 
watermarking but the approach is also applicable to image watermarking.  

Numerous audio watermarking techniques have been proposed, the most 
important being: LSB [2], Phase coding [3], Echo hiding [4] and spread spectrum 
watermarking (SSW) [5]. The latter, SSW, is recognized as the most promising 
watermarking method because of its high robustness against noise and its high 
perceptual transparency. The main idea of SSW is adding spread spectrum of 
hidden information to the spectrum of the host signal. Spreading the spectrum of 
hidden information is performed by a pseudo-random noise sequence. 

The detection of hidden information from the received watermark signal is 
performed by the exact PN sequence used for spreading the spectrum of hidden 
information. Therefore, the receiver should access the PN sequence for detection. 
This essential knowledge for detection, results in a highly secure transmission of 
information against any unauthorized user who does not have access to the PN 
sequence and location of the watermark. Hence, the PN sequence can be regarded 
as a secret key which is shared between the transmitter and the receiver. 

In [6], a GA is presented in such a way that it is possible to detect hidden 
information, whereas the receiver has no knowledge of the transmitter’s spreading 
sequence.  Repeated fitness function evaluations for such a complex problem is 
often the most prohibitive and limiting feature of this approach. For the problem 
of recovering the PN sequence, sequences with different periods have different 
converging times. The studies have shown that the converging time increases 
exponentially as the period of the PN sequences increases [6]. So the approach 
fails by losing the validity of information. To alleviate this problem, a variety of 
techniques for constructing approximation models– often referred to as 
metamodels – have been proposed. For computationally expensive optimization 
problems such as detection of hidden information, it may be necessary to perform 
an exact evaluation and then use an approximate fitness model that is 
computationally efficient.  

A popular subclass of fitness function approximation methods is fitness 
inheritance where fitness is simply transmitted (or “inherited”) [7, 8]. A similar 
approach named “Fast Evaluation Strategy” (FES) has also been suggested in [9] 
for fitness approximation where the fitness of a child individual is the weighted 
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sum of its parents. Other common approaches based on learning and interpolation 
from known fitness values of a small population, (e.g. low-order polynomials and 
the least square estimations [10], artificial neural networks (ANN), including 
multi-layer perceptrons [11] and radial basis function networks [12], support 
vector machine (SVM) [13], etc.) have also been employed. 

In this paper, the concept of fitness granulation is applied to exploit the natural 
tolerance of evolutionary algorithms in fitness function computations. Nature’s 
“survival of the fittest” principle is not about exact measures of fitness; instead, it 
is about rankings among competing peers. By exploiting this natural tolerance for 
imprecision, optimization performance can be preserved by computing fitness 
only selectively and by preserving this ranking (based on fitness values) among 
individuals in a given population. Also, fitness is not interpolated or estimated; 
rather, the similarity and indistinguishability among real solutions is exploited.  

In the proposed algorithm, as explained in detail by its authors in [14, 15], an 
adaptive pool of solutions (fuzzy granules) with an exactly computed fitness 
function is maintained. If a new individual is sufficiently similar to a known fuzzy 
granule, then that granule’s fitness is used instead as a crude estimate. Otherwise, 
that individual is added to the pool as a new fuzzy granule. In this fashion, 
regardless of the competition’s outcome, fitness of the new individual is always a 
physically realizable one, even if it is a “crude” estimate and not an exact 
measurement. The pool size as well as each of the granule’s radius of influence is 
adaptive and will grow/shrink depending on the utility of each granule and the 
overall population fitness. To encourage fewer function evaluations, each 
granule’s radius of influence is initially large and is gradually shrunk at later 
stages of evolution. This encourages more exact fitness evaluations when 
competition is fierce among more similar and converging solutions. Furthermore, 
to prevent the pool from growing too large, granules that are not used are 
gradually eliminated. This fuzzy granulation scheme is applied here as a type of 
fuzzy approximation model.  

The paper is organised as follows: Section 2 presents a brief overview of the 
proposed granulation based fitness approximation method. For future details, 
readers are referred to [15] were the proposed method is described in more details 
and an example is also provided in addition to some supporting simulation. An 
auto-tuning strategy for determining the width of membership functions (MFs) is 
presented in [16], which removes the need for exact parameter determination, 
without obvious influence on convergence speed. In Section 3, the spread 
spectrum watermarking and the properties of the PN sequence are described. In 
Section 4, the recovering of the PN sequence from a received watermarked signal 
using GA and granulation based fitness approximation is presented. Some 
supporting simulation results and discussion thereof are presented in Section 5. 
Finally, some conclusions are drawn in Section 6. 

2   AFFG Framework - The Main Idea 

The proposed adaptive fuzzy fitness granulation (AFFG) aims to minimize the 
number of exact fitness function evaluations by creating a pool of solutions (fuzzy 
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granules) by which an approximate solution may be sufficiently applied to 
proceed with the evolution. The algorithm uses Fuzzy Similarity Analysis (FSA) 
to produce and update an adaptive competitive pool of dissimilar 
solutions/granules. When a new solution is introduced to this pool, granules 
compete by a measure of similarity to win the new solution and thereby to prolong 
their lives in the pool. In turn, the new individual simply assumes fitness of the 
winning (most similar) individual in this pool. If none of the granules is 
sufficiently similar to the new individual, i.e. their similarity is below a certain 
threshold, the new individual is instead added to the pool after its fitness is 
evaluated exactly by the known fitness function. Finally, granules that cannot win 
new individuals are gradually eliminated in order to avoid a continuously 
enlarging pool. The proposed algorithm is briefly discussed below. For further 
details, readers are referred to [14, 15] where the proposed method is described in 
more details and an example is provided, in addition to some supporting 
simulation.  

After a random parent population is initially created, a set of fuzzy granules 
that is initially empty is shaped. The average similarity of new solutions to each 
granule is then computed. This is influenced by granule enlargement/shrinkage. 
The fitness of each new solution is either calculated by exact fitness function 
computing or is estimated by associating it to one of the granules in the pool if 
there is a granule in the pool with a similarity value higher than a predefined 
threshold. Depending on the complexity of the problem, the size of this pool can 
become excessive and computationally cumbersome by itself. To prevent such 
unnecessary computational effort, an interesting and advantageous approach is 
introduced in [15]. 

The distance measurement parameter is completely influenced by granule 
enlargement/shrinkage in widths of the produced MFs. In [12], the combined 
effect of granule enlargement/shrinkage is based on the granule fitness and it 
needs to adjust two parameters. These parameters are problem dependent and it 
seems critical to set up a procedure in order to avoid this difficulty. In order to 
removes the need for exact parameter determination of AFFG approach, an auto-
tuning strategy is presented in [16].  

3   Spread Spectrum Watermarking 

SSW is the algorithm that has high robustness (surviving hidden information after 
noise addition), high transparency (high quality of watermarked signals after 
addition of hidden information) and high security (against unauthorized users) 
from the watermarking features point if view. SSW borrows the idea of spread 
spectrum communication to hide information by embedding the bits of 
information into a host signal. The embedding processes employ a pseudorandom 
noise (PN) sequence. A PN sequence is a zero mean periodic binary sequence with 
a noise defined by a waveform whose bits are equal to +1 or –1 [17]. 

Each bit of hidden information w(i) is multiplied by all the bits of a period of a 
pseudorandom noise (PN), p(n) sequence to generate each block of the watermark 
signal w(i).  
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(1) 

A watermark signal is the sequence of all the watermark blocks as w = 
(w1,…,wk). The watermarked signal s(w,x) is produced as: 

 
(2) 

Then, the watermarked signal s(w,x) is sent to the receiver.   
The extraction of hidden information from a received watermarked signal is 

performed using the correlation property of the PN sequence. Cross correlation 
C(.,.) between two PN sequences pa and pb is as (3) [18]: 

 

(3) 

Hence, cross correlation between a watermarked signal and a PN sequence is as 
follows: 

 

(4) 

Equation (4) expresses that by calculating the correlations between the received 
watermarked signal and the employed PN sequence at the transmitter, and 
comparing the result with a threshold, determines the bit of hidden information. 

4   Recovering PN Sequence 

Recovering the PN sequence from a spread spectrum watermarked signal where 
no information about the PN sequence or its location is known would be very hard 
since there are vast regions for the solutions set. For instance, in order to recover a 
PN sequence with a period equal to 63 bits, 263 PN sequences must be generated. 

In this section, with the assumption that knowing the exact location of the 
watermark in the watermarked signal, we describe the recovering of the PN 
sequence.  

In [19], an approach for detecting the hidden information from an image spread 
spectrum signal is proposed. This approach detects abrupt jumps in the statistics of 
watermarked signal to recover the PN sequence. The proposed algorithm, which is 
based on hypothesis tests for detection of abrupt jumps in the statistical values is 
very complicated and its performance suffers from for low frequency embedding. 

Recovering the PN sequence could be considered as an unconstrained 
optimization problem. We have a set of feasible solutions to minimize a cost 
function using a global optimizer. The set of feasible solutions are sequences with 
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periods of PN sequences and elements of +1 and –1. Defining a cost function for 
this problem should be based on a very useful property of SSW in detection which 
is the correlation property of the PN sequence. So, our cost function is the cross 
correlation between the generated sequence and the watermarked signal.  

In [20], an interesting method for recovering the PN sequence of a spread 
spectrum signal with a predefined SNR, is proposed. This approach uses a GA 
with a fitness function defined in terms of the cross correlation between the 
estimated PN sequence and the spread spectrum. However, the spread spectrum 
watermarking is more complicated than a single spread spectrum signal since in 
SSW, the spread spectrum hidden information is like a white Gaussian noise for a 
host signal. 

Note that computing the cross correlation between sequences of our solutions 
set and watermarked signal for only one block of SSW signals, will not converge 
to the PN sequence used at the transmitter, since the energy of the host signal is at 
least 12 dB more than the energy of the watermark and it has a strong effect on 
maximizing the cross correlation (i.e., an optimization algorithm converges to a 
sequence that maximizes the correlation with the host). As a solution to this 
problem, several consequence blocks of watermark (i.e. several bits of hidden 
information) should be considered in the computation of the cross correlation. In 
this case, the watermark signal has a stronger effect than the host signal on 
maximizing the cross correlation function. 

Finding the global optimization by searching over the entire set of our 
solutions, as mentioned above, is the subject of deterministic methods such as 
covering methods, tunneling methods, zooming methods, etc. These methods find 
the global minimum by an exhaustive search over the entire solutions set. For 
instance, the basic idea for the covering method is to cover the feasible solutions 
set by evaluating the objective function at all points [21]. These algorithms have 
high reliability and accuracy is always guaranteed, but they have a slower 
convergence rate [22]. 

Since our solutions set is vast, we need efficient optimization algorithms that 
have a high reliability and fast convergence rate. Many stochastic optimization 
algorithms have been proposed such as the genetic algorithm, simulated annealing, 
ant colony, etc.; however the GA has shown to be one of the most successful and 
powerful search engines for a wide range of applications and strikes an attractive 
balance between reliability and convergence rate. 

5   Empirical Results 

The empirical study consisted on comparing the GA performance, as a function 
optimizer, and the proposed granulation techniques with fuzzy supervisory 
(AFFG-FS). Since in [16], by numerous simulations, it has been shown that 
AFFG-FS, with its fuzzy supervisory technique, removes the need for exact 
parameter determination without obvious influence on convergence speed, we did 
not take into account the original AFFG.   
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Since the GA was used as a function optimizer, we chose roulette wheel with 
elitism as the selection method, in order to keep track of the best solution found. 
The GA was implemented with one-point crossover. The population size was set 
to 20 with the elite size of 2. The mutation and crossover rate used was 0.01 and 
1.0, respectively. Ten runs of each experiment were executed.  
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Fig. 1 Cross correlation between estimated PN sequence with the period of 255 chips and 
the watermarked signal 
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Fig. 2 Cross correlation between estimated PN sequence with the period of 127 chips and 
the watermarked signal 
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For AFFG-FS, the number of individuals in the granule pool is varied between 
10, 20 and 50. The report results were obtained by achieving the same level of 
fitness evaluation for both the canonical GA and the proposed methods. 

The average convergence trends of the standard GA, AFFG-FS are summarized 
in Figures 1-3. All the results presented were averaged over 10 runs. As shown in 
the Figures, the search performance of the AFFG-FS is superior to the standard 
GA even with a small number of individuals in the granule pool.  

We also studied the effect of varying the number of granules NG  on the 

convergence behavior of AFFG-FS. It can be shown that AFFG-FS is not 
significantly sensitive to NG . However, a further increase of NG , slows down 

the rate of convergence due to the imposed computational complexity.   
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Fig. 3 Cross correlation between estimated PN sequence with the period of 63 chips and the 
watermarked signal 

6   Concluding Remarks 

One of the most secure techniques of audio watermarking is spread spectrum 
audio watermarking. The key factor for detection of hidden information from 
SSW is the PN sequence. Here, an intelligent guided technique via an adaptive 
fuzzy similarity analysis is adopted in-order to accelerate the process of 
evolutionary based recovering of PN sequence. A fuzzy supervisor such as the 
auto-tuning algorithm is introduced in order to avoid the tuning of parameters used 
in this approach.  

A comparison is provided between simple GA, FES and the proposed approach. 
Numerical results showed that the proposed technique is capable of optimizing 
functions of varied complexity efficiently. Furthermore, in comparison with our 
previous work, it can be shown that AFFG and AFFG-FS are not significantly 
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sensitive to NG , and small NG  values can still produce good results. 

Moreover, the auto-tuning of the fuzzy supervisor removes the need for exact 
parameter determination without an obvious influence on convergence speed.  
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Fuzzy Approaches for Colour Image Palette
Selection

Gerald Schaefer and Huiyu Zhou

Abstract. Colour quantisation algorithms are used to display true colour images
using a limited palette of distinct colours. The choice of a good colour palette is
crucial as it directly determines the quality of the resulting image. Colour quanti-
sation can also be seen as a clustering problem where the task is to identify those
clusters that best represent the colours in an image. In this paper we investigate the
performance of various fuzzy c-means clustering algorithms for colour quantisa-
tion of images. In particular, we use conventional fuzzy c-means as well as some
more efficient variants thereof, namely fast fuzzy c-means with random sampling,
fast generalised fuzzy c-means, and anisotropic mean shift based fuzzy c-means al-
gorithm. Experimental results show that fuzzy c-means performs significantly bet-
ter than other, purpose built colour quantisation algorithms, and also confirm that
the fast fuzzy clustering algorithms provide quantisation results similar to the full
conventional fuzzy c-means approach.

1 Introduction

Colour quantisation is a common image processing technique that allows the repre-
sentation of true colour images using only a small number of colours. True colour
images typically use 24 bits per pixel resulting overall in 224, i.e. more than 16 mil-
lion different colours. Colour quantisation uses a colour palette that contains only
a small number of distinct colours (usually between 8 and 256) and pixel data are
then stored as indices to this palette. Clearly the choice of the colours that make up
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the palette is of crucial importance for the quality of the quantised image. However,
the selection of the optimal colour palette is known to be an np-hard problem [10].
In the image processing literature many different algorithms have been introduced
that aim to find a palette that allows for good image quality of the quantised im-
age [10, 9, 8]. Soft computing techniques such as genetic algorithms have also been
employed to extract a suitable palette [13, 12].

Colour quantisation can also be seen as a clustering problem where the task is to
identify those clusters that best represent the colours in an image. In this paper we in-
vestigate the performance of various fuzzy c-means clustering algorithms for colour
quantisation of images. In particular, we use conventional fuzzy c-means [2] as well
as some more efficient variants thereof, namely fast fuzzy c-means with random
sampling [4], fast generalised fuzzy c-means [4], and anisotropic mean shift based
fuzzy c-means algorithm [17]. Experimental results show that fuzzy c-means per-
forms significantly better than other, purpose built colour quantisation algorithms,
and also confirm that the fast fuzzy clustering algorithms provide quantisation re-
sults similar to the full conventional fuzzy c-means approach.

2 Fuzzy c-Means

Fuzzy c-means (FCM) is based on the idea of finding cluster centres by iteratively
adjusting their positions and evaluation of an objective function which for colour
quantisation can be formulated as

E =
C

∑
j=1

N

∑
i=1

μk
i j||xi − c j||2 (1)

where μk
i j is the fuzzy membership of pixel xi and the colour cluster identified by its

centre c j, k is a constant that defines the fuzziness of the resulting partitions, and C
and N are the number of clusters and total number of image pixels.

E can reach the global minimum when pixels nearby the centroid of correspond-
ing colour clusters are assigned higher membership values, while lower membership
values are assigned to pixels far from the centroid [5]. Membership is proportional
to the probability that a pixel belongs to a specific cluster where the probability
is only dependent on the distance between the image pixel and each independent
cluster centre. Membership functions and cluster centres are updated by

μi j =
1

∑C
m=1

(
||x j−ci||

||x j−cm||)2/(k−1)

) (2)

and

ci =
∑N

j=1 μk
i jx j

∑N
j=1 μk

i j

. (3)
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The steps involved in fuzzy c-means clustering are [2]:

1. Initialise the cluster centres ci and let t = 0.
2. Initialise the fuzzy partition memberships functions μi j according to Eq. (2).
3. Let t = t + 1 and compute new cluster centres ci using Eq. (3).
4. Repeat Steps 2 to 3 until convergence.

An initial setting for each cluster centre is required and FCM can be shown to con-
verge to a local minimum.

3 Fast FCM with Random Sampling (RSFCM)

To combat the computational complexity of FCM [11], Cheng et al. [4] proposed
a multistage random sampling strategy. This method has a lower number of feature
vectors and also requires fewer iterations to converge. The basic idea is to randomly
sample and obtain a small subset of the dataset in order to approximate the cluster
centres of the full dataset. This approximation is then used to reduce the number
of iterations. The random sampling FCM algorithm consists of two phases. First,
a multistage iterative process of a modified FCM is performed. Phase 2 is then a
standard FCM with the cluster centres approximated by the final cluster centres
from Phase 1.

Phase 1: Randomly initialise the cluster centres ci

Let XΔ% be a subset whose number of subsamples is Δ% of the N samples contained
in the full dataset X and denote the number of stages as n. ε1 and ε2 are parameters
used as stopping criteria. After the following steps the dataset (denoted as X(ns∗Δ%))
will include N ∗Δ% samples:

1. Select X(Δ%) from the set of the original feature vectors matrix (z = 1).
2. Initialise the fuzzy memberships functions μi j using Equation (2) with X(z∗Δ%).
3. Compute the stopping condition ε = ε1-z∗((ε1-ε2)/ns) and let t = 0.
4. Set t = t + 1.
5. Compute the cluster centres c(z∗Δ%) using Equation (3).
6. Compute μ(z∗Δ%) using Equation (2).

7. If ||μ j
(z∗Δ%)− μ j−1

(z∗Δ%)|| ≥ ε , then go to Step 4.
8. If z ≤ ns then select another X(Δ%) and merge it with the current X(z∗Δ%) and set

z = z+ 1, otherwise move to Phase 2 of the algorithm.

Phase 2: FCM clustering
1. Initialise μi j using the results from Phase 1, i.e. c(ns∗Δ%) with Equation (3) for

the full data set
2. Go to Steps 3 of the conventional FCM algorithm and iterate the algorithm

stopping criterion ε2 is met.
Evidence has shown that this improved FCM with random sampling is able to reduce
the computation requested in the classical FCM method.
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4 Fast Generalized FCM Scheme (EnFCM)

Ahmed et al. [1] introduced an alternative to the classical FCM by adding a term
that enables the labelling of a pixel to be associated with its neighbourhood. As a
regulator, the neighbourhood term can change the solution towards piecewise homo-
geneous labelling. As a further extension of this work, Szilágyi et al. [14] proposed
their EnFCM algorithm to speed up the clustering process. In order to reduce the
computational complexity, a linearity-weighted sum image g is formed from the
original image, and the local neighbour average image evaluated as

gm =
1

1 +α

(

xm +
α
NR

∑
j∈Nr

x j

)

(4)

where gm denotes the pixel value of the m-th pixel of the image g, x j represents
the neighbours of xm, NR is the cardinality of a cluster, and Nr represents the set of
neighbours falling into a window around xm.

The objective function used is defined as

J =
C

∑
i=1

qc

∑
i=1

γl μm
i j (gl − ci)2 (5)

where qc denotes the number of colours in the image, and γl is the number of the
pixels having colour l with l = 1,2, . . . ,qc. Thus, ∑qc

l=1 γl = N under the constraint
that ∑C

i=1 μi j = 1 for any l.
Finally, we can obtain the following expressions for membership functions and

cluster centres [3]:

μil =
(gl − ci)−2/m−1

∑C
j=1(gl − c j)−2/m−1

(6)

and

si =
∑qc

l=1 γlμm
il gl

∑qc
l=1 γlμm

il

. (7)

EnFCM considers a number of pixels of similar colour as a weight. Thus, this pro-
cess may accelerate the convergence of searching for global similarity. Cai et al. [3]
utilise a measure Si j, which incorporates the local spatial relationship Ss

i j and the
local colour relationship Sg

i j, and is defined as

Si j =
{

Ss
i j × Sg

i j, j �= i
0, j = i

(8)

with

Ss
i j = exp

(−max(|pc j − pci|, |qc j −qci|)
λs

)

(9)
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and

Sg
i j = exp

(
−||xi − x j||2

λg ×σ 2
g

)

(10)

where (pci,qci) describe the co-ordinates of the i-th pixel, σg is a global scale factor
of the spread of Ss

i j, and λs and λg represent scaling factors. Si j replaces α in Eq. (4).
Hence, the newly generated image g is updated as

gi =
∑ j∈Ni

Si jx j

Si j
(11)

and is restricted to [0, 255] due to the denominator.
Given a pre-defined number of clusters C and a threshold value ε > 0, the fast

generalised FCM algorithm proceeds in the following steps:

1. Initialise clusters c j.
2. Compute the local similarity measures Si j using Equation (8) for all neighbours

and windows over the image.
3. Compute linearly-weighted summed image g using Equation (11).
4. Update the membership partitions using Equation (6).
5. Update the cluster centres ci using Equation (7).
6. If ∑C

i=1 ||ci(old)− ci(new||2 > ε go to Step 4.

5 Anisotropic Mean Shift Based FCM (AMSFCM)

Anisotropic mean shift based FCM [17] utilises an anisotropic mean shift algorithm
coupled with fuzzy clustering. Mean shift based techniques have been shown to be
capable of estimating the local density gradients of similar pixels. These gradient
estimates are iteratively performed so that all pixels can find similar pixels in the
same image [6, 7]. A standard mean shift approach method uses radially symmetric
kernels. Unfortunately, the temporal coherence will be reduced in the presence of
irregular structures and noise in the image. This reduced coherence may not be
properly detected by radially symmetric kernels and thus, an improved mean shift
approach, namely anisotropic kernel mean shift [15], provides better performance.

In mean shift algorithms the image clusters are iteratively moved along the gradi-
ent of the density function before they become stationary. Those points gathering in
an outlined area are treated as the members of the same segment. A kernel density
estimate is defined by

f̃ (x) =
1
N

N

∑
i=1

K(x− xi) (12)

with
K(x) = |H|−0.5K(H−0.5x) (13)

where N is the number of samples, and xi stands for a sample from an unknown den-
sity function f . K(·) is the d-variate kernel function with compact support satisfying
the regularity constraints, and H is a symmetric positive definite d × d bandwidth
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matrix. Usually, we have K(x) = ke(φ), where ke(φ) is a convex decreasing func-
tion, e.g. for a Gaussian kernel

ke(φ) = cte
−φ/2 (14)

or for an Epanechnikov kernel

ke(φ) = ct max(1−φ ,0) (15)

where ct is a normalising constant.
If a single global spherical bandwidth is applied, H = h2I (where I is the identity

matrix), then we have

f̃ (x) =
1

Nhd

N

∑
i=1

K

(
x− xi

h

)

. (16)

Since the kernel can be divided into two different radially symmetric kernels, we
have the kernel density estimate as

f̃ (x) =
1
N

N

∑
i=1

1

hβ (Hα
i )q

kα · (d(cα
i ,xα

i ,Hα
i ))kβ

(
||(cβ

i − xβ
i )/(hβ (Hα

i ))||2
)

(17)

where α and β denote the spatial and temporal components respectively and
d(cα

i ,xα
i ,Hα

i ) is the Mahalanobis distance

d(cα
i ,xα

i ,Hα
i ) = (xα

i − cα
i )T Hα−1

i (xα
i − cα

i ). (18)

Anisotropic mean shift is intended to modulate the kernels during the mean shift
procedure. The objective is to keep reducing the Mahalanobis distance so as to group
similar samples as much as possible. First, the anisotropic bandwidth matrix Hα

i is
estimated with the following constraints:

{
kα

e (d(x,xi,Hα
i )) < 1

kβ
e

(||(x− xi)/hβ (Hα
i )||2) < 1

(19)

The bandwidth matrix can be decomposed to

Hα
i = λVAV T (20)

where λ is a scalar, V is a matrix of normalised eigenvectors, and A is a diagonal
matrix of eigenvalues whose diagonal elements ai sum up to 1.

The bandwidth matrix is updated by adding more and more points to the compu-
tational list: if these points are similar in colour, then the Mahalanobis distance will
be consistently reduced. Otherwise, if the Mahalanobis distance is increased, these
points will not be considered in the computation.

Fuzzy c-means clustering is hence combined with an anisotropic mean shift al-
gorithm, and continuously inherits and updates the states, based on the mutual cor-
rection of FCM and mean shift.
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Table 1 Quantisation results, given in terms of PSNR [dB]

Lenna Peppers Mandrill Sailboat Pool Airplane average
Popularity alg. 22.24 18.56 18.00 8.73 19.87 15.91 17.22
Median cut 23.79 24.10 21.52 22.01 24.57 24.32 23.39
Octree 27.45 25.80 24.21 26.04 29.39 28.77 26.94
Neuquant 27.82 26.04 24.59 26.81 27.08 28.24 26.73
FCM 28.81 26.77 25.03 27.25 31.03 30.23 28.17
RSFCM 28.70 26.70 24.98 27.32 30.81 30.73 28.20
EnFCM 28.61 26.74 24.87 27.22 31.11 29.92 28.08
AMSFCM 28.63 26.71 24.66 27.24 30.87 29.96 28.01

Anisotropic mean shift based FCM (AMSFCM) proceeds in the following steps:

1. Initialise the cluster centres ci. Let j = 0.
2. Initialise the fuzzy partitions μi j using Equation (2).
3. Set j = j + 1 and compute ci using Equation (3) for all clusters.
4. Update μi j using Equation (2).
5. For each pixel xi determine anisotropic kernel and related colour radius using

Equations (17) and (20). Note that mean shift is applied to the outcome image
of FCM.

6. Calculate the mean shift vector and then iterate until the mean shift, M+(xi)−
M−(xi), is less than a pixel considering the previous position and a normalised
position change:

M+(xi) = νM−(xi)+ (1−ν)· ·∑N
j=1(xj−M−(xi))||(M−(xβ

i )−xβ
j )/(hβ Hα

j )||2

∑N
j=1 ||(M−(xβ

i )−xβ
j )/(hβ Hα

j )||2
with ν = 0.5.

7. Merge pixels with similar colour.
8. Repeat Steps 3 to 7 until convergence.

6 Experimental Results

For our experiments we used six standard images commonly used in the colour
quantisation literature (Lenna, Peppers, Mandrill, Sailboat, Airplane, and Pool) and
applied the different FCM algorithms to generate quantised images with a palette of
16 colours.

To put the results obtained into context, we have also implemented four popu-
lar colour quantisation algorithms to generate corresponding quantised images with
palette size 16, namely Popularity algorithm [10], Median cut quantisation [10], Oc-
tree quantisation [9], and Neuquant [8]. For all algorithms, pixels in the quantised
images were assigned to their nearest neighbours in the colour palette to provide the
best possible image quality.

The results are listed in Table 1, expressed in terms of peak signal to noise ration
(PSNR) defined as
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PSNR(I1, I2) = 10log10
2552

MSE(I1, I2)
(21)

with MSE (the mean-squared error) is calculated as

MSE(I1, I2) =
1

3nm

n

∑
i=1

m

∑
j=1

[(R1(i, j)−R2(i, j))2 + (22)

(G1(i, j)−G2(i, j))2 +(B1(i, j)−B2(i, j))2]

where R(i, j), G(i, j), and B(i, j) are the red, green, and blue pixel values at location
(i, j) and n and m are the dimensions of the images.

From Table 1 we can see that of the dedicated colour quantisation algorithms
Octree and Neuquant clearly outperform the Popularity and Median Cut methods.
For all FCM approaches we ran each algorithm 10 times (randomly initialising the
cluster centres) on each image and report the average PSNR of these 10 runs in
Table 1. Looking at the results, it is obvious that they all achieve significantly better
image quality than any of the other algorithms, including Octree and Neuquant. In
fact, on average, FCM colour quantisation provides an increase in PSNR of about
1.5 which is quite remarkable. Also, we can see that the various variants of FCM
which provide a signifant speedup in terms of computational requirements follow
closely the results of the conventional fuzzy c-means algorithm. This confirms that
it is possible to use a more efficient method without decreasing the resulting image
quality.

The results shown in Table 1 are further illustrated in Figure 1 which shows
a zoomed-in part of the Pool image together with the same part extracted from the
images colour quantised by all algorithms and the corresponding error images. Error
images (or image distortion maps) are commonly employed for judging the differ-
ence between images or the performance of competing algorithms [16]. For each
quantised images we therefore also provide an error image that represents the dif-
ference between the original and the palettised image (the squared error at each
pixel location is calculated, the resulting image then inverted and a gamma function
applied to increase the contrast). It is clear that the popularity algorithm performs
poorly on this image and assigns virtually all of the colours in the palette to green
and achromatic colours. Median cut is better but still provides fairly poor colour re-
production; most of the colours in the quantised image are fairly different from the
original. The same holds true for the images produced by Neuquant. Here the most
obvious artefact is the absence of an appropriate red colour in the colour palette. A
far better result is achieved by the Octree algorithm, although here also the red is not
very accurate and the colour of the cue is greenish instead of brown. Significantly
better image quality is maintained by applying fuzzy c-means clustering. Although
the colour palettes have only 16 entries all colours of the original image are ac-
curately presented including the red ball, the colour of the billiard cue as well as
good colour reproduction of the green cloth and the reflections on the kettle. This is
true not only for the conventional FCM approach but also for the other three, more
efficient, derivates.
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Fig. 1 Part of original Pool image (top row) and corresponding images quantised with (from
left to right, top to bottom): Popularity, Median cut, Octree, Neuquant; FCM, RSFCM, En-
FCM, and AMSFCM algorithms. Also shown are the error images of the quantised images
compared to the original

7 Conclusions

In this work we have investigated the performance of fuzzy c-means clustering
approaches for colour quantisation. In particular we have evaluated conventional
fuzzy c-means, fast fuzzy c-means with random sampling, fast generalised fuzzy
c-means, and anisotropic mean shift based fuzzy c-means together with purpose
built colour quantisation techniques, namely Popularity algorithm, Median Cut, Oc-
tree, and Neuquant. Experimental results have revealed that fuzzy clustering based
colour quantisation is able to achieve significantly improved image quality com-
pared to the other techniques. Furthermore, it was shown that the computationally
faster variants of fuzzy c-means provide virtually the same image quality as their full
conventional counterpart and therefore represent efficient and effective techniques
for colour quantisation.



482 G. Schaefer and H. Zhou

References

1. Ahmed, M., Yamany, S., Mohamed, N., Farag, A., Moriaty, T.: A modified fuzzy c-means
algorithm for bias field estimation and segmentation of mri data. IEEE Trans. Medical
Imaging 21, 193–199 (2002)

2. Bezdek, J.: A convergence theorem for the fuzzy isodata clustering algorithms. IEEE
Trans. Pattern Analysis and Machine Intelligence 2, 1–8 (1980)

3. Cai, W., Chen, S., Zhang, D.: Fast and robust fuzzy c-means clustering algorithms incor-
porating local information for image segmentation. Pattern Recognition 40(3), 825–838
(2007)

4. Cheng, T., Goldgof, D., Hall, L.: Fast fuzzy clustering. Fuzzy Sets and Systems 93, 49–
56 (1998)

5. Chuang, K., Tzeng, S., Chen, H., Wu, J., Chen, T.: Fuzzy c-means clustering with spatial
information for image segmentation. Computerized Medical Imaging and Graphics 30,
9–15 (2006)

6. Comaniciu, D., Meer, P.: Mean shift analysis and applications. In: 7th Int. Conference
on Computer Vision, pp. 1197–1203 (1999)

7. Comaniciu, D., Meer, P.: Mean shift: a robust approach toward feature space analysis.
IEEE Trans. Pattern Analysis and Machine Intelligence 24, 603–619 (2002)

8. Dekker, A.H.: Kohonen neural networks for optimal colour quantization. Network: Com-
putation in Neural Systems 5, 351–367 (1994)

9. Gervautz, M., Purgathofer, W.: A simple method for color quantization: Octree quanti-
zation. In: Glassner, A.S. (ed.) Graphics Gems, pp. 287–293 (1990)

10. Heckbert, P.S.: Color image quantization for frame buffer display. ACM Computer
Graphics (ACM SIGGRAPH 1982 Proceedings) 16(3), 297–307 (1982)

11. Hu, R., Hathaway, L.: On efficiency of optimization in fuzzy c-means. Neural, Parallel
and Scientific Computation 10, 141–156 (2002)

12. Nolle, L., Schaefer, G.: Color map design through optimization. Engineering Optimiza-
tion 39(3), 327–343 (2007)

13. Scheunders, P.: A genetic c-means clustering algorithm applied to color image quantiza-
tion. Pattern Recognition 30(6), 859–866 (1997)

14. Szilagyi, L., Benyo, Z., Szilagyii, S.M., Adam, H.S.: MR brain image segmentation using
an enhanced fuzzy c-means algorithm. In: 25th IEEE Int. Conference on Engineering in
Medicine and Biology, vol. 1, pp. 724–726 (2003)

15. Wang, J., Thiesson, B., Xu, Y., Cohen, M.: Image and video segmentation by anisotropic
kernel mean shift. In: Pajdla, T., Matas, J.G. (eds.) ECCV 2004. LNCS, vol. 3022, pp.
238–249. Springer, Heidelberg (2004)

16. Zhang, X.M., Wandell, B.A.: Color image fidelity metrics evaluated using image distor-
tion maps. Signal Processing 70(3), 201–214 (1998)

17. Zhou, H., Schaefer, G., Shi, C.: A mean shift based fuzzy c-means algorithm for image
segmentation. In: 30th IEEE Int. Conference Engineering in Medicine and Biology, pp.
3091–3094 (2008)



J. Mehnen et al. (Eds.): Applications of Soft Computing, AISC 58, pp. 483–490. 
springerlink.com                                 © Springer-Verlag Berlin Heidelberg 2009 

Novel Face Recognition Approach Using Bit-Level 
Information and Dummy Blank Images in 
Feedforward Neural Network 

David Boon Liang Bong, Kung Chuang Ting, and Yin Chai Wang1 

Abstract. Bit-level information is useful in image coding especially in image com-
pression. A digital image is constructed by multilevel information of bits, called as 
bit-plane information. For an 8-bits gray level digital image, bit-plane extraction 
has ability to extract 8 layers of bit-plane information. Conventional neural net-
work-based face recognition usually used gray images as training and testing data. 
This paper presents a novel method of using bit-level images as input to feedfor-
ward neural network. CMU AMP Face Expression Database is used in the experi-
ments. Experiment result showed improvement in recognition rate, false acceptance 
rate (FAR), false rejection rate (FRR) and half total error rate (HTER) for the pro-
posed method. Additional improvement is proposed by introducing dummy blank 
images which consist of plain 0 and 1 images in the neural network training set. 
Experiment result showed that the final proposed method of introducing dummy 
blank images improve FAR by 3.5%.  

1   Introduction 

Conventionally, face recognition is using complex mathematical solution, like eigen-
faces [1], LDA [2], Gabor feature [2][3], elastic brunch matching [4], 3-D [5][6][7], 
wavelet [8][9], and line edge map [10] but all these features involving high complex-
ity of mathematical calculation and they only provides single feature extraction.  

Bit-level information is useful in image coding especially in image compres-
sion [11][12]. Digital image compression method is based on concept of decom-
posing a multilevel image into a series of binary images and compressing each  
binary image via one of several well-known binary compression methods [13]. A 
digital image is constructed by multilevel information of bits, called as bit-plane 
information.  

Since bit-planes are information extracted from binary code of image pixels, 
they contain useful raw data of image. In this paper, we proposed a novel method 
of using bit-level images to act as feature extraction input to feedforward neural 
                                                           
David Boon Liang Bong . Kung Chuang Ting 
1Faculty of Engineering, Universiti Malaysia Sarawak, 94300 Kota Samarahan, Malaysia 

Yin Chai Wang 
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network. This novel method have advantages in feature extraction compare to 
conventional methods because it extracted multiple features data in single image, 
and reduced the complexity of computer calculation.  

2   Bit Level Information 

A digital image consists of m x n pixels and represented by gray-level value for 
each pixel. Normally, the gray level range is from 0 to 255. Digital computers 
only manipulate true and false signals and therefore the gray-level range is repre-
sented by 8 bits data, which form bit-plane 0 until bit-plane 7. Bit-plane 0 repre-
sents least significant bit while bit- plane 7 is the most significant bit. In term of  
8-bit bytes, bit-plane 0 contains all the lowest order bits in the pixels of the image 
and bit- plane 7 contains all the highest order bits [13]. The higher-order bits, bit-
plane 4 until bit- plane 7, contain majority of visually significant data, and other 
lower-order bits, bit-plane 0 until bit-plane 3, contain more subtle details in the 
image [13]. 

Fig. 1 shows an example of the extraction process of 7 bit-planes information 
from a digital image. 

Fig. 1 Example of bit-plane extraction proc-
ess from a digital image 

 

Bit-planes can be constructed from a gray-level image as follows: 
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where f(x,y)= original image 
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iii) Bit-plane 1 
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iv) For bit-plane 2 until bit-plane 7, calculation is repeated as (iii), and general 
formula is formed for bit-plane construction as:  
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where f(x,y) = original  image, fbp(x,y) = bit-plane information, R = remainder, 
and floor(x) = round the elements to x nearest integers less than or equal to x. 

3   Feedforward Neural Network 

A multi-layer feedforward neural network will be used to model the recognition 
system. Feedforward neural network [14] has two stage, learning stage and  
testing stage. Major function of learning stage is updating the weight of net-
works, and for testing stage is evaluating the accuracy and reliability of the 
networks. 
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Input 

Layer 

Hidden 

Layer 

Output

 

Fig. 2 Architecture of feedforward neural networks 

4   Face Expression Database 

The database used for evaluation is CMU AMP Face Expression Database, which 
consists of 13 subjects, and each with 75 images [15]. All these images are in gray 
values and have resolution of 4096 (64 x 64) pixels. Some samples of this face da-
tabase are shown in Fig. 3. 

Fig. 3 Samples of CMU AMP face expres-
sion database 

 

5   Dummy Blank Images 

Dummy blank images are images which do not carry any information. Two differ-
ent dummy blank images used are dummy blank white image with all the pixels 
set to 1, and dummy blank black image with all the pixels set to 0. These two 
dummy blank images are added into feedforward neural networks learning stage. 
Fig. 4 shows the learning stages of feedforward neural networks without and with 
blank images respectively.  

The system is trained using three-layer feedforward neural networks algorithm. 
These three layers are the input layer, hidden layer and output layer. Input layer 
consists of 4096 neurons which is the dimension of image’s pixels. Input data is 
bit-level information of the image as described in section 2. The second layer is 
hidden layer which consists of the same number of neurons with input layer - 4096 
hidden neurons. These hidden neurons are connected with 4 output neurons in the 
output layer.  
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Fig. 4 Dummy blank images 
added into feedforward neural 
networks’ learning stage 

 

Feedforward neural network is a type of supervised neural networks. It needs 
target outputs during the learning stage. Target outputs are trained from 0001, 
0010, … ,  1101 respectively according to face database ID (ID 1 until 13). For 
added dummy blank images added, 0000 (or ID 0) is the target output, while 1111 
(ID 15) is the target output of dummy blank white image. Additional of dummy 
blank images not only modified the weights of hidden neurons, but also creates 
two more classes for neural networks’ classification. That is the reason for the  
improved ability to identify impostors.  

6   Data and Analysis 

Performances of system had been tested and analyzed. Some parameters are set 
during experiments to ensure that comparison is done under a constant situation. 
Training samples used in feedforwak neural network are 14 images per subject 
and same training samples are used throughout all experiments. Table 1 shows the 
performance of recognition rates of combined bit-planes and gray-level in ANN 
which trained with and without dummy images. Combined bit-planes consist of 
bit-plane 4, 5, 6 and 7, and these 4 bit-planes are trained and have individual out-
put. All these individual outputs will compare against one another to generate a fi-
nal output. Final output only recognizes a client if majority (more than 50%) of 
bit-planes gives same result, otherwise input is treated as impostor. From Table 1, 
recognition rates of using combined bit-planes are always better than gray-level 
regardless of the ANN trained with or without dummy images. Performance of the 
combined bit-planes is increased by 0.4% after ANN is trained with dummy  
images compare to ANN trained without dummy images. 

People who are not client in the system database, but trying to access into the 
system without authority are called as an impostor. A reliable recognition system 
should be able to reject impostors successfully. If a system is unable to reject im-
postors, unauthorized access will be granted and this posed a serious weakness of 
the system. Determination of the efficiency of a recognition system to reject im-
postors is by using false acceptance rate (FAR).  
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Table 1 Recognition rates for combined bit-planes and gray-level 

Bit-plane Recognition Rates without 
impostors (ANN trained 
without dummy images) 

Recognition Rates with-
out impostors (ANN 

trained with dummy im-
ages) 

Combined bit-planes 96.2% 96.6% 
Gray-level 82.3% 77.9% 

Table 2 FAR, FRR and HTER for ANN trained with and without dummy blank inages 

ANN trained without dummy 
blank images 

ANN trained with dummy blank 
images Bit-plane 

FAR % FRR % HTER % FAR % FRR% HTER% 
combined 
bit-planes 

26.2 2.2 14.2 22.7 2.5 12.6 

gray-level 81.3 11.5 46.4 70.6 7.6 39.1 

                        %100×=
accessesimpostorofnumber

FAsofnumber
FAR                     (5) 

Besides FAR, another rate is also calculated, which is false rejection rate (FRR). 
FRR is used as determination of the efficiency of a recognition system to accept 
clients of the system.  

                     %100×=
accessclientofnumber

FRsofnumber
FRR                 (6) 

In order to gauge the performance of the system with regards to both FAR and 
FRR, half total error rate (HTER) is used. HTER is basically the average of both 
FAR and FRR as in equation (7).  

                             
2

FRRFAR
HTER

+=                          (7) 

From table 2,  after dummy blank images are added into learning stage of the 
system, it enhanced the recognition rate of the system regardless of using either 
gray-level or combined bit-level images. The addition of dummy blank images 
reduced FAR by 3.5% for combined bit-planes and 10.7% for gray-level  
images. 

HTER indicated the error rate of using combined bit-levels is much lower than 
gray-level, with or without dummy blank images.  After dummy blank images are 
added into neural networks training, HTER of combined bit-planes improved by 
1.6%, and for gray-level, it also improved by 7.3%. 

From these results, dummy blank images play an important role in neural net-
work’s learning stage in order to increase the performance of the system. By add-
ing dummy blank images, ANN had modified the weights of hidden neurons to 
differentiate between clients and impostors. 
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7   Conclusion 

Bit-level information is reliable information for pattern recognition. After these 
four bit-planes are combined, its performance is better than using gray-level im-
ages. Gray-level images give higher FAR and FRR compare to combined bit-
levels. Higher FAR and FRR in a system is a threat to security because it could 
not reject impostors efficiently.  

Dummy blank images are images which do not carry any information. Dummy 
blank images added during ANN learning stage will modify the weights of hidden 
neurons and its results show better manipulation of ANN for output. Experiment 
results showed that the final proposed method of introducing dummy blank im-
ages improve HTER by 1.6% for combined bit-planes.  
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ICA for Face Recognition Using Different
Source Distribution Models

Dinesh Kumar, C.S. Rai, and Shakti Kumar

Abstract. Independent Component Analysis (ICA) is a method for separating the
components as independent as possible, out of mixture of a number of mixed sig-
nals. There exist a number of statistical techniques based on information theoretic
concepts and algebraic approaches for performing ICA. Neural algorithms derived
from these approaches are used for extracting the independent components. Besides
its application in signal processing such as speech signal separation, it has also suc-
cessfully been used for face recognition. Analysis of face database has shown that
the face images do possess negative and positive kurtosis values. This indicates that
face images are of sub-Gaussian and super-Gaussian nature. This paper proposes
a technique that deals with such type of face database. In this work, based on the
assumption of the nonlinearity for sub-Gaussian sources, the nonlinearity for the
super-Gaussian sources has been derived. A symmetric probability density func-
tion around the Gaussian distribution has been used for representing the sub and
super-Gaussian sources. The proposed method has been successfully used for face
recognition. Experimental results with the ORL face database have been presented.
The results show the superiority of the proposed algorithm.
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1 Introduction

Principal Component Analysis (PCA), a successful and popular unsupervised tech-
nique has widely been used for useful image representations. This method deals
with the second order statistics and it gives a new set of basis images. The image
coordinates (PCA coefficients) are uncorrelated in this new basis. PCA exploits only
the pairwise relationship between the pixels in the face image database. Independent
Component Analysis (ICA) is a generalization of PCA in which higher order statis-
tics are also considered. It is expected to give better basis images due to the fact
that this method is sensitive to higher ordered dependencies. ICA was initially used
for what is known as Blind Source Separation (BSS)[1][3][4][6][8]. A number of
algorithms for performing ICA have been reported in the literature [9]. In this paper
the following generative model of ICA has been used.

Consider a random vector x = (x1,x2, . . . ,xn)T and the components of the random
vector as s = (s1,s2, . . . ,sn)T . The aim is to find the components si as independent as
possible in the sense of maximizing some function F = (s1,s2, . . . ,sn) that measures
independence. The independent component analysis of the observed data x consists
of finding a linear transformation

s = Wx (1)

so as to get the components si as independent as possible. This is the most general
definition of independent component analysis. We consider simplified model

x = As (2)

where s is as defined above and the matrix A is a constant n× n mixing matrix.To
recover the individual components, we need n×n matrix W such that y = Wx where
y = (y1,y2, . . . ,yn)T is an n-dimensional output vector. Components of y must be as
close to s as possible. There exist methods for separating mixture of sub-Gaussian
and super-Gaussian signals. These methods have been applied for separating the in-
dependent components from a mixture of audio signals [10][12]. ICA has also been
applied for applications like image separation [5], face recognition [2] etc. Two ar-
chitectures [2] were proposed for representing the face images. The assumption is
that the face images in x are a linear mixture of an unknown set of statistically in-
dependent source images s and A represents unknown mixing matrix. The sources
are recovered by a matrix of learned filters WI , which produce statistically indepen-
dent outputs U . In architecture I, used in this paper for representing face images,
the rows of the input matrix x contained the images. The ICA outputs in the rows
of WIx = U were also images and provided a set of independent basis images for
the faces. The ICA representation consisted of the coefficients for the linear com-
bination of independent basis images in U that comprised each face image. The
number of independent components was controlled by performing ICA on a set of
m linear combinations of those images where m < n (number of original images). A
matrix (φm) consisting the first m principal component vectors of the image set was
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considered and ICA was performed on φ T
m resulting in a matrix of m independent

source images in the rows of U . The calculations for the coefficients are as follows:
The PC representation is defined as Rm = x×φm and xrec = Rm ×φ T

m is the min-
imum squared error approximation of x. The ICA algorithm produced a matrix
WI = W ×Wz such that WI × φ T

m = U ⇒ φT
m = W−1

I ×U , Wz = 2× < xxT >−1/2.
Therefore xrec = Rm ×φT

m ⇒ xrec = Rm ×W−1
I U . Hence the rows of B = Rm ×W−1

I
contained the coefficients for the linear combination of statistically independent
sources U and comprised xrec where xrec was the minimum squared error approxi-
mation of x, just as in PCA. In order to obtain the representation for test images we
first obtain Rtest = xtest ×φm and then compute Btest = Rtest ×W−1

I .

2 Algorithm

The objective function, ψ(W ) for the source separation can be expressed as [7]

ψ(W ) = −log|det(W)|−
n

∑
i=1

log fi(yi) (3)

where fi(yi) are the marginal pdfs of the output components yi. The minimization
of the objective function as given by (3) leads to the following [1][7]

W(k +1) = W (k)+ η(k)[I−φ(y(k))yT (k)]W (k) (4)

where k denotes the time index, η is the learning rate parameter, and φ(y) =
[φ(y1),φ(y2), . . . ,φ(yn)]T is the component wise nonlinear function. The ith non-
linear function φ(yi) is expressed as [7]

φ(yi) =
∂ log fi(yi)

∂yi
(5)

3 Probability Density Functions

The mixture of signals contains signals either of sub-Gaussian or super-Gaussian
type. The sub-Gaussian distributions have flatter tail than the Gaussian type distri-
butions. Whereas the other type of distributions (super-Gaussian) has relatively large
tails and sharp peaks as compared to Gaussian distribution. Kurtosis is a measure of
nongaussianity of a random variable. It is defined as

kurt(yi) =
E(y4

i )
(E(y2

i ))2
− 3 (6)

where kurt(yi) is the kurtosis of the ith component yi. Super-Gaussian signals
have positive kurtosis and are also known as leptokurtic in statistical literature
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whereas sub-Gaussian signals have negative value of kurtosis and are also known as
platykurtic[9].

Let us consider that the probability density function (pdf) of a Gaussian dis-
tributed random variable y is denoted as f (y). Let us further denote fsuper(y) and
fsub(y) as the pdfs of super and sub Gaussian distributions respectively. The main
objective here is to presume a suitable choice of nonlinearity for the sub-Gaussian
type distribution and then to find the probability distributions symmetrical around
the Gaussian distribution and hence to derive the nonlinearity for super-Gaussian
distribution. The symmetry around the Gaussian distribution means

2 f (y) = fsuper(y)+ fsub(y) (7)

i.e., the average of pdfs of super and sub-Gaussian distributions equals Gaussian
distribution for all values of y and

fsub(y) = 2 f (y)− fsuper(y) (8)

Hence for a known value of one pdf, we can easily find another. We assume that
following density model has been used for super-Gaussian sources

fsuper(y) ∝ f (yi)g(yi) (9)

where f (yi) is a Gaussian density function with zero mean and unit variance and is
equal to (1/

√
2π)e−y2

i /2 and g(yi) is a function that is to be determined. From (8)
and (9), fsub(y) can be expressed as

fsub(y) = 2 f (y)− f (y)g(y) (10)

For computational simplicity, the constant of proportionality in (9) is considered
as unity. We further presume that y3

i has been used as the nonlinearity for the sub-
Gaussian distributions as it has been found in literature that this is also one of the
types of nonlinearities commonly used for sub-Gaussian distributions. Using (5),
we can write

φ(yi) =
∂ log fsub(yi)

∂yi
= y3

i (11)

Equation (11) can now be written as

∂ log[2 f (yi)− f (yi)g(yi)]
∂yi

= y3
i (12)

Simplification gives

g(yi) = 2− (
√

2π)ey2
i /2ey4

i /4 (13)

So
fsuper(yi) = f (y)(2− (

√
2π)ey2

i /2ey4
i /4) (14)

The nonlinearity corresponding to pdf given by (14) can be written as
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φ(yi) =
∂ log fsuper(yi)

∂yi
=

∂
∂yi

(log( f (yi)[2− ((
√

2π)ey2
i /2ey4

i /4)])) (15)

this simplifies to

φ(yi) = −4y− 5y3ey2/2ey4/4 +5yey2/2ey4/4 +6.25y3ey2
ey4/2 (16)

When the value of the kurtosis is positive, the nonlinearity given by (16) is used and
if the kurtosis is negative, (11) is used as the nonlinearity.

4 Experimental Results

For our experimental work, we used ORL face database. It is composed of 400 im-
ages with each image having a resolution 92× 112. As many as 40 different people
(subjects/classes) are contained in the database and each subject has his/her 10 dif-
ferent images. Figure 1 shows some sample images of this database. These images
vary in terms of facial expressions and facial details. For computational simplicity,
the original image 92×112 was resized to 60×60 prior to further processing of the
face image.

Fig. 1 Some images of ORL face database

For the experimental work, six sets (Table 1) of training and testing images were
used. Each set has 5 training images and 5 testing images. The training and testing
images are nonoverlapping.

The matching of test images was done using Euclidean norm (L2 norm) as the
distance measure. ICA was performed on the matrix x containing the first forty
percent of the Principal Component axes of total number of training images arranged
in rows accounting for a total variance of almost 90 percent (Table 2). The table
shows the values for 100 images (20 classes). The Total Variance Contribution Rate
(TVCR) was calculated as

TVCR(λ1,λ2, . . . ,λd) = ∑d
i=1 λi

∑p
i=1 λi

(17)
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Table 1 Training and Testing sets

Set Number Training Images Test Images

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

where λi is eigenvalue corresponding to the ith eigenvector obtained by applying
Principal Component Analysis (PCA) on the input face image data matrix. The d
represents the number of eigenvalues selected out of total of p eigenvalues.

Table 2 Total Variance Contribution Rate (TVCR) for Different Number of Eigenvalues

Number of Eigenvalues(d) 99 90 80 60 40 20 10

TVCR 100 99.5 98.6 95.6 90.3 78.6 63.8

Prior to performing ICA, the input data was whitened by passing x through the
whitening matrix 2× (Cov(x))−1/2 thus removing the first and second order statis-
tics of data. The ICA was performed. The weights W were updated according to
(4) for 100 iterations. The learning rate was chosen as 0.000001. The experiment
was performed for 10, 20 and 40 classes. Each class has 10 images out of which 5
images from each class were used for training and the remaining 5 as the test set
(Table 1). The recognition rate was calculated. Table 3 shows the results for differ-
ent classes. The results were compared with the Infomax algorithm [3] for ICA. The
nonlinearity used was the logistic function given as

Zi =
1

1 + e−yi
, i = 1,2, . . . ,n (18)

for an n-dimensional random vector X representing the distribution of the inputs
and W being the n×n invertible matrix, Y = WX and Z = f (Y ), an n-dimensional
random variable representing the outputs of n-neurons and the weight update rule is
given as [3]

ΔW = η(I +(1− 2Z)YT )W (19)

The weights W were updated according to (19) for 1600 iterations. The learning
rate was initialized at 0.001 and annealed down to 0.0001. The Euclidean norm (L2
norm) was used as the distance measure.

The average recognition rates for 10, 20 and 40 classes are 92%, 90.33%, 90.25%
and 92%, 90.17%, 89% for the proposed method and logistic function using Info-
max algorithm respectively. Table 3 shows that for different sets we get different
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Table 3 Recognition Rate for Different Number of Classes

Number of Classes 10 20 40

Nonlinearity→ Proposed Logistic Fn Proposed Logistic Fn Proposed Logistic Fn

Set Number Recognition Rate

1 96.00 96.00 91.00 91.00 88.00 85.50
2 94.00 94.00 94.00 94.00 92.50 92.00
3 92.00 92.00 94.00 94.00 93.00 92.50
4 86.00 86.00 86.00 85.00 89.50 88.00
5 90.00 90.00 89.00 89.00 89.50 89.00
6 94.00 94.00 88.00 88.00 89.00 87.00

values of recognition rates. This indicates that the images constituting the training
and test sets do affect the performance of the face recognition system in terms of
recognition rate. The recognition rate for 10 classes is more and it decreases as the
number of classes increase. The reason for this may be that as the number of classes
and hence the number of images increases, the chances for mismatch are also in-
creased and this results in decrease in the recognition rate.

5 Conclusions

In this paper, a technique for selecting suitable density functions for face recogni-
tion was proposed. Based on the presumption that the nonlinearity for sub-Gaussian
signals is known, the probability density functions for both sub and super-Gaussian
distributions were found with respect to Gaussian distribution and the nonlinearity
for the super-Gaussian signals was derived. Simulations for face recognition show
the usefulness of the proposed technique. The results show the superiority of the
proposed algorithm over Infomax algorithm using logistic function as the nonlin-
earity. The results also reveal that the images constituting the training and test sets
do affect the performance of the face recognition system in terms of recognition
rate.
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Object Recognition Using Particle Swarm 
Optimization on Moment Descriptors 

Muhammad Sarfraz and Ali Taleb Ali Al-Awami12 

Abstract. This work presents study and experimentation for object recognition 
when isolated objects are under discussion. The circumstances of similarity trans-
formations, presence of noise, and occlusion have been included as the part of the 
study. For simplicity, instead of objects, outlines of the objects have been used for 
the whole process of the recognition. Moment Descriptors have been used as fea-
tures of the objects. From the analysis and results using Moment Descriptors, the 
following questions arise: What is the optimum number of descriptors to be used?  
Are these descriptors of equal importance? To answer these questions, the  
problem of selecting the best descriptors has been formulated as an optimization 
problem. Particle Swarm Optimization technique has been mapped and used  
successfully to have an object recognition system using minimal number of Mo-
ment Descriptors. The proposed method assigns, for each of these descriptors, a 
weighting factor that reflects the relative importance of that descriptor.  

1   Introduction 

In many image analysis and computer vision applications, object recognition is the 
ultimate goal. Several techniques [3-13] have been developed that derive invariant 
features from moments for object recognition and representation. These tech-
niques are distinguished by their moment definition, such as the type of data ex-
ploited and the method for deriving invariant values from the image moments. 
This work presents study and experimentation for object recognition when isolated 
objects are under discussion. The circumstances of similarity transformations, 
presence of noise, and occlusion have been included as the part of the study. For 
simplicity, instead of objects, outlines [17] of the objects after edge detection [14-
16] have been used for the whole process of the recognition. Hu’s moments and 
their extended counterparts [1-6] have been used as features of the objects. Vari-
ous similarity measures have been used and compared for recognition process. 
The test objects are matched with the model objects in database and the object 
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with the least similarity measure is taken as the recognized object. A detailed ex-
perimental study has been made under different conditions and circumstances. 

From the analysis and results using Moment Descriptors, the following ques-
tions arise: What is the optimum number of descriptors to be used? Are these de-
scriptors of equal importance? To answer these questions, the problem of selecting 
the best descriptors has been formulated as an optimization problem. The idea of 
using the Particle Swarm Optimization (PSO) methodology [19-23] has been ex-
plored. Particle Swarm Optimization technique was used in [23] for the optimiza-
tion of Fourier descriptors. This study has been mapped and used successfully to 
have an object recognition system using minimal number of moment descriptors. 
The goal of the proposed optimization technique is to select the most helpful mo-
ment descriptors that will maximize the recognition rate. The proposed method 
will assign, for each of these descriptors, a weighting factor that reflects the  
relative importance of that descriptor. 

The outline of the remainder of the paper is as follows. Getting of bitmap im-
ages and their outline is discussed in Sections 2 and 3 respectively. Section 4 deals 
with moments. The concept of similarity measures are explained in Section 5. Par-
ticle Swarm Optimization technique has been explained, mapped, used, experi-
mented, and analyzed in Section 6. Finally, Section 7 concludes the paper as well 
as touches some future work. 

2   Getting Bitmap Image 

Bitmap image of a character can be obtained by creating a bitmap character on 
some program like Paint or Adobe Photoshop. Alternatively an image drawn on 
paper can scan and store it as bitmap. We used both methods. The quality of bit-
map image obtained directly from electronic device depends on the resolution of 
device, type of image (e.g. bmp, jpeg, tiff etc), number of bits selected to store the 
image etc. The quality of scanned image depends on factors such as quality of im-
age on paper, scanner and attributes set during scanning. Figure 1(a) shows the 
bitmap image of a character.  

3   Finding Boundary  

In order to find boundary of bitmap image, first its chain code is extracted [14, 
15]. Chain codes are a notation for recording the list of edge points along a con-
tour. The chain code specifies the direction of a contour at each edge in the edge. 
From chain coded curve, boundary of the image is found [16]. The selection of 
Boundary Points is base on their corner strength and contour fluctuations. The in-
put to our boundary detection algorithm is a bitmap image. The algorithm returns 
number of pieces in the image and for each piece number of Boundary Points and 
values of these Boundary Points ( ) NiyxP iii ,...,2,1,, == . Figure 1(b) shows  

detected boundary of the image of Figure 1(a). 
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(a) 

 

(b) 

 

Fig. 1 (a) Bitmap image, (b) Outline of the image 

4   Moments 

Traditionally, moment invariants are computed based on the information provided 
by the shape boundary as well as its interior region [1]. The moments used to con-
struct the moment invariants are defined in the continuous form but for practical 
implementation they are computed in the discrete form. For the detailed descrip-
tion of the moments, the author is referred to [1, 9, 12-13]. 

5   Similarity Measure 

Given two sets of descriptors, how do we measure their degree of similarity? An 
appropriate classification is necessary if unknown shapes are to be compared to a 
library of known shapes. If two shapes, A and B, produce a set of values repre-
sented by a(i) and b(i) then the distance between them can be given as c(i) = a(i) – 
b(i). If a(i) and b(i) are identical then c(i) will be zero. If they are different then 
the magnitudes of the components in c(i) will give a reasonable measure of the 
difference. It proves more convenient to have one value to represent this rather 
than the set of values that make up c(i). The easiest way is to treat c(i) as a vector 
in a multi-dimensional space, in which case its length, which represents the dis-
tance between the objects, is given by the square root of the sum of the squares of 
the elements of c(i).  

Various similarity measures may be attempted for experimental studies. For 
simplicity, we are going to choose Euclidean Distance (ED) measure as a similar-
ity measure for this paper. It provides promising results and is given as follows: 

( )∑
=

n

i

ic
1

2  

In this study, n is the number of moments considered, a(i) is the ith moment of the 
template image, and  b(i) is the ith moment of the test image. A tolerable threshold 
ρ is selected to decide a test object recognized. This threshold is checked against 

the least value of the selected similarity measure.  
The recognition system is tested by generating the test objects by translating, 

rotating, scaling, adding noise, and adding occlusion to the model objects  
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contained in a database of different sizes. The test objects were randomly rotated, 
translated, and scaled. Some were considered without scale of their model sizes. 
About 100 test objects were used for each of the experiments for testing similarity 
transformation. The salt & pepper noise [17-18] of different densities is added to 
the objects for generating the noisy test objects. Median filter was used in the ex-
periment to filter the noise, so that the noise remains on the boundary of the  
object.  

The detailed experimentation has been reported in [9, 23]. One can see that 
Moment invariants are not promising in general and, for the recognition of  
occluded objects, the results are not good in particular.  

6   Optimization Using Particle Swarm  

From the previous analysis and results, the following questions arise: What is the 
optimum number of descriptors to be used? Are these descriptors of equal impor-
tance? To answer these questions, the problem of selecting the best descriptors can 
be formulated as an optimization problem. The goal of the optimization is to select 
the most helpful descriptors that will maximize the recognition rate and to assign 
for each of these descriptors a weighting factor that reflects the relative impor-
tance of that descriptor. A novel population based optimization approach, called 
Particle Swarm Optimization (PSO), has been chosen to goal. The details of PSO 
are described in the following section. 

6.1   Particle Swarm Optimization 

A novel population based optimization approach, called Particle Swarm Optimiza-
tion (PSO) approach, has been used. PSO was introduced first in 1995 by Eberhart 
and Kennedy [19]. This new approach features many advantages; it is simple, fast 
and can be coded in few lines. Also, its storage requirement is minimal.  

Moreover, this approach is advantageous over evolutionary algorithms in more 
than one way. First, PSO has memory. That is, every particle remembers its best 
solution (local best) as well as the group best solution (global best). Another ad-
vantage of PSO is that the initial population of the PSO is maintained, and so there 
is no need for applying operators to the population, a process which is time- and 
memory-storage-consuming. In addition, PSO is based on “constructive coopera-
tion” between particles, in contrast with the other artificial algorithms which are 
based on “the survival of the fittest.”[20]  

PSO starts with a population of random solutions. Each particle keeps track of 
its coordinates in hyperspace which are associated with the fittest solution it has 
achieved so far. The value of the fitness (pbest) is stored.   Another best value is 
also tracked, which is the global best value. The global version of the PSO keeps 
track of the overall best value, and its location, obtained so far by any particle in 
the population, which is called (gbest). 

PSO consists of, at each step, changing the velocity of each particle toward its 
pbest and gbest. Acceleration is weighted by a random term, with separate random 
numbers being generated for acceleration toward pbest and gbest. 
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Several modifications have been proposed in the literature to improve the PSO 
algorithm speed and convergence toward the global minimum. One of the most ef-
ficient PSO versions uses a time decreasing inertia weight, which leads to a reduc-
tion in the number of iterations. The performance of this modified algorithm  
depends on the method of tuning the inertia weight. The most straightforward way 
to adjust the inertia weight is to force it to linearly decrease with the number of it-
erations [21]. As an alternative to inertia weight technique, constriction factors 
have been proposed [22]. Constriction-factor-based PSO has been proved to be 
superior upon inertia-weight-based PSO in terms of the number of iterations to 
reach the best solution.  

PSO starts with a population of random solutions “particles” in a D-
dimension space. The ith particle is represented by ( )iDiii xxxX ,...,, 21= . Each 

particle keeps track of its coordinates in hyperspace which are associated with 
the fittest solution it has achieved so far. The value of the fitness for particle i 
(pbest) is also stored as ( )iDiii pppP ,...,, 21= . The global version of the PSO 

keeps track of the overall best value (gbest), and its location, obtained so far by 
any particle in the population. 

PSO consists of, at each step, changing the velocity of each particle toward its 
pbest and gbest according to Eqn. (1). The velocity of particle i is represented as 

( )iDiii vvvV ,...,, 21= . Acceleration is weighted by a random term w, with separate 

random numbers being generated for acceleration toward pbest and gbest. The po-
sition of the ith particle is then updated according to Eqn. (2).  

           ( ) ( ) ( ) ( )idgdidididid xpRandcxpRandcvwv −+−+= ***** 21          (1) 

                                                     ididid vxx +=                                                   (2) 

where 
 pid = pbest and pgd = gbest 

A simplified method of incorporating a constriction factor is represented in Eqn. 
(3), where K is a function of c1 and c2 as illustrated by Eqn. (4). Eberhart and Shi 
[22] experimented the performance of PSO using an inertia weight as compared 
with PSO performance using a constriction factor. They concluded that the best 
approach is to use a constriction factor while limiting the maximum velocity Vmax 
to the dynamic range of the variable Xmax on each dimension. They showed that 
this approach provides performance superior to any other published results in the 
literature. 

Kvid = *[ ( ) ( ) ( ) ( )idgdididid xpRandcxpRandcv −+−+ **** 21 ],  (3) 

φϕφ 42 2 −−−
= kk

K ; 2=kk , 4,21 >+= φφ cc .     (4) 
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6.2   Objective Function 

Since the problem of selecting the best descriptors can be formulated as an op-
timization problem, one need to define an objective function. The objective 
function, in this case, is made up of the recognition rate and the number of use-
ful descriptors. In other words, it is required to maximize the recognition rate 
using the minimum number of descriptors. The function of the optimization al-
gorithm is to assign a weight wi for every descriptor so that the objective func-
tion is optimized, where wi belongs to [0,1]. The mathematical formulation of 
the objective function is defined as follows:  

                                            ( )PEHJ min*α+−= ,                                             (5) 

where H is the number of hits (the number of correct matches), PE is the per-
centage of errors of all the training images for a given set of weights, and α is a 
factor that is adjusted according to the relative importance of the min(PE) term. 
In most of the simulations, 7.0=α  is experienced as best case most of the time.  

The first term, in the objective function Eqn. (5), makes PSO search for the 
weights that result in the highest recognition rate and the second term makes the 
PSO reach to the highest recognition with the minimum number of descriptors. 

6.3   Steps of the PSO Algorithm 

The PSO algorithm is described as follows: 

Step 1: Define the problem space and set the boundaries, i.e. equality and ine-
quality constraints. 

Step 2: Initialize an array of particles with random positions and their associated 
velocities inside the problem space. 

Step 3: Check if the current position is inside the problem space or not. If not, 
adjust the positions so as to be inside the problem space. 

Step 4: Evaluate the fitness value of each particle. 
Step 5: Compare the current fitness value with the particles’ previous best value 

(pbest[]). If the current fitness value is better, then assign the current fit-
ness value to pbest[] and assign the current coordinates to pbestx[][d] 
coordinates. 

Step 6: Determine the current global minimum among particle’s best position. 
Step 7: If the current global minimum is better than gbest, then assign the current 

global minimum to gbest[] and assign the current coordinates to 
gbestx[][d] coordinates. 

Step 8: Change the velocities according to (3.205). 
Step 9: Move each particle to the new position according to (3.206) and return to 

Step 3. 
Step 10: Repeat Step 3- Step 9 until a stopping criteria is satisfied.  
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6.4   Test Results Using PSO 

The PSO algorithm can be found in the current literature at many places. There-
fore, it is not necessary to describe the steps of the PSO algorithm here. However, 
the reader is referred to [19-22] if interested to see the PSO algorithm details.  

The proposed PSO–based approach has been implemented using a MATLAB 
library built by the authors. In our implementation, the inertia weight w is linearly 
decreasing from 0.9 to 0.4, c1 and c2 are selected as 2, a population of 20 particles 
is used, and the maximum number of iterations is 300. The search process stops 
whenever the maximum number of iterations is exceeded. 

Several experiments have been attempted to use PSO to search for the optimum 
descriptor weights. These experiments are summarized in Tables 1 and 2. In these 
tables, “No. of FDs considered” means the number of Fourier descriptors consid-
ered in the optimization process. For example, if this number is F, the PSO is sup-
posed to search for F weights, a single weight for a single FD, that maximize the 
recognition rate with the minimum number of descriptors. Hence, if only f FDs 
can do the job, PSO will assign nonzero weights for f FDs and it will assign zero 
weights for F-f FDs. As a result, the number of descriptors used in the recognition 
process is only f out of F.   

Table 1 demonstrates the computed optimized weights for different numbers of 
Moment descriptors. Table 2 displays about the total number of optimized weights 
used for different numbers of Moment descriptors and the recognition rate 
achieved. One can see much better recognition results than using un-weighted 
Moments in Section 6. However, in the experiment  using occluded images only in 
the training, does not help improve the recognition rate of occluded images. 

Table 1 Optimized weights for different numbers of Moment descriptors 

Exp. No. 1 2 3 4 5

No. of mo-
ments consid-
ered

3 5 7 9 11

Training set* X X X X X

Weights ob-
tained (%)

26.2451
5.8841e-008
1.8871e-015

0
29.6124

1.3910e-007
5.6681e-007

0

0
43.1600

2.6314e-007
1.6375e-006

0
0
0

0
39.5053

2.3726e-007
1.4896e-008

0
0
0
0
0

100.0000
5.6561e-008
4.0486e-017

0
0
0
0
0
0
0
0

alpha 1e-14 1e-14 1e-14 1e-15 8e-14  
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Table 2 Total number of optimized weights used for different numbers of Moment  
descriptors and the recognition rate 

Exp. No. 1 2 3 4 5

No. of moments 
considered

3 5 7 9 11

Training set* X X X X X

No. of moments
Used (i.e. no. of 
nonzero weights)

3 3 3 3 3

/60 % /60 % /60 % /60 % /60 %
X 57 95 56 93.33 56 93.33 54 90 57 95

N** 13 81.25 13 81.25 13 81.25 13 81.25 13 81.25Rec Rate
O 8 13.33 13 21.67 11 18.33 7 11.67 3 5

Ave --- 63.19 --- 65.41 --- 64.30 --- 60.97 --- 60.42  
*
X = transformed objects, O = occluded objects, N = noisy objects. 

** Out of 16 test images. 

7   Conclusion and Future Work 

This work has been reported to make a practical study of the Hu’s Moments to the 
application of Object Recognition. The implementation was done on a P-IV PC 
using MATLAB. The ultimate results have variations depending upon the selec-
tion of Moments and Data size. The variety similarity measures and different 
combinations of invariant moment features, used in the process, make a difference 
to the recognition rate. The results have been tested using Euclidean distance simi-
larity measures, 11 moment invariants, and different size databases. Different 
combinations of these parameters implied different results.  

The images that have to be recognized but failed to be recognized by most of 
the Moment Invariant combinations are to be analyzed further. This leads to the 
theory of optimization to find out appropriate features or attributes in the image 
that made it difficult to be recognized. The methodology of PSO has been utilized 
successfully for this purpose. Using PSO, to find the most suitable descriptors and 
to assign weights for these descriptors, improved dramatically the recognition rate 
using the least number of descriptors. 

Here are some observations for the whole discussion in the paper: Various ob-
servations about the use of different combinations of moments, noise in the im-
ages, use of variety of similarity transformations, and presence of occlusion in 
the images have been made. For brevity, the reader is referred to [9]. Moreover, 
using PSO, to find the most suitable descriptors and to assign weights for these 
descriptors, improves dramatically the recognition rate using the least number of 
descriptors. 
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Perceptual Shaping in Digital Image Watermarking 
Using LDPC Codes and Genetic Programming 

Imran Usman, Asifullah Khan, Rafiullah Chamlawi, and Tae-Sun Choi1 

Abstract. In this work, we present a generalized scheme for embedding water-
mark in digital images used for commercial aims. Genetic Programming is used to 
develop appropriate visual tuning functions, in accordance with Human Visual 
System, which cater for watermark imperceptibility-robustness trade off in the 
presence of a series of probable attacks. The use of low-density parity check codes 
for information encoding further enhances watermark robustness. Experimental 
results on a dataset of test images show marked improvement in robustness, when 
compared to the conventional approaches with the same level of visual quality. 
The proposed scheme is easy to implement and ensures significant robustness for 
watermarking a large number of small digital images. 

1   Introduction 

Due to widespread use of interconnected networks, recent years have witnessed a 
striking increase in digital multimedia representation, storage and distribution. Digi-
tal images, such as those displayed in online catalogs and auction websites, are 
smaller in sizes, larger in numbers, and strongly differ in intrinsic characteristics. 

Furthermore, watermarked images are generally exposed to a set of probable at-
tacks. This, indeed, has triggered an increase of multimedia content piracy. Digital 
watermarking is a promising technique to help protect intellectual property rights 
and piracy control, whereby, a watermark is imperceptibly incorporated in the 
digital data containing information about the same data [1]. 

A low strength watermark incorporates high imperceptibility but weak robustness 
and vice versa [1, 2]. On the other hand, different set of attacks are associated with 
distinctive watermarking applications, which pose different requirements on a wa-
termarking scheme [2]. These conceivable attacks may include intentional and/or 
unintentional manipulation of the marked cover work. A universal watermarking 
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scheme that can confront all attacks and at the same time fulfill all other desirable 
requirements is difficult to exist [2]. Therefore, while designing a watermarking sys-
tem, its intended application and thus the corresponding set of anticipated attacks is 
of prime importance.  

A watermark is generally structured using perceptual models, which exploit the 
characteristics of HVS in order to attain imperceptibility. Watson’s Perceptual 
Model (WPM) [3] is an appropriate example of such models, as it has been exten-
sively used in image compression and digital watermarking [4, 5]. These perceptual 
models are devised in view of invisibility requirements alone, and thus, lack in ex-
ploiting the attack information. As a result, they are inefficient to cater, concurrently, 
for both robustness and imperceptibility needs of a watermarking system.  

A variety of watermarking schemes are proposed in literature, including trans-
form domain techniques and spatial domain methods which make use of a prede-
termined set of coefficients, mostly in the middle frequency range, to serve as a 
tradeoff for watermark embedding. The disadvantages of such a selection are dis-
cussed in detail by Huang et al. [6], who also proposed a scheme in which suitable 
embedding positions in a block based DCT domain watermarking are selected us-
ing Genetic Algorithm. Khan et al. [7] have used Genetic Programming (GP) to 
generate expressions that provide suitable strength of alteration in each selected 
DCT coefficient for watermark embedding. 

Low-density parity check codes (LDPC), first proposed by Gallager [8], are a 
class of binary linear codes used for error correction. The concept behind these 
codes is to add a small amount of controlled redundancy to the data, such that the 
added redundancy can be used to detect and correct errors which may occur due to 
various legitimate and illegitimate distortions. An LDPC code can be constructed 
with parameters ( , )n k , where n represent the length of the codeword and k is the 
message size. Bastug and Sankur [9] have used LDPC codes in order to improve 
the information payload of the watermarking channels. Dikici et al. [10] used 
LDPC codes to quantize the host signal such as to increase the message extraction 
probability. We utilize the error correction capability of the LDPC codes in con-
junction with GP in order to achieve higher robustness in a very hostile environ-
ment where a sequence of attacks is expected. 

In this work, we propose an intelligent system capable of structuring digital wa-
termarks for practical applications, where, not only fair imperceptibility is  
required, but also achieving resistance against a set of conceivable attacks is con-
sidered as a more realistic approach. We use GP and the concept of wrapper to 
evolve appropriate Visual Tuning Functions (VTFs) in order to find both suitable 
location, as well as suitable strength of alteration for watermark embedding. To 
enhance the robustness of the system further, LDPC codes are utilized to encode 
the message before it is converted into a watermark. 

The rest of the work is organized as follows. Section 2 presents our proposed 
scheme along with a brief discussion on relevant concepts, followed by results and 
discussion in section 3. Conclusion is presented in section 4. 
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2   Proposed Scheme 

The response of HVS varies with spatial frequency, luminance and color of its  
input. This suggests that all components of a watermark may not be equally per-
ceptible when embedded. WPM exploits sensitivities/insensitivities of HVS for 

assigning a perceptual slack, ( ),i jα , to each selected coefficient of the image ex-

pressed in DCT domain. We consider these selected DCT coefficients as features 
for the embedding phase. At the watermark extraction phase, the same features are 
extracted to decode the watermark. According to Watson’s perceptual function 

[3], the visibility threshold ( ),T i j′ , incorporating the effect of frequency as well 

as luminance sensitivity, is further modified into ( )*
,T i j , to take into considera-

tion the contrast masking effect:  

])()()([max)(
1 ωω* i,jXi,jT,i,jTi,jT

−′′=
,      (1) 

where ( )X i, j is AC DCT coefficient of each block and ω has been empirically 

set to a value of 0.7. These allowed alterations represent the perceptual mask  
denoted byα . 

GP is a directed random search technique, inspired by biological evolution, for 
solving optimization problems [11]. In GP, a population of individual solutions 
(represented by a data structure, such as a tree) is repeatedly modified generation 
by generation. Every candidate solution is evaluated and assigned a fitness value 
using an application specific, predefined fitness function. The best individuals in a 
generation are maintained, while the rest are removed and replaced by the off-
spring of the best individuals to make a new generation. Offspring are then pro-
duced by applying genetic operators. The whole process is repeated for subsequent 
generations, with scoring and selection procedure in place, until the termination 
criterion is met. 

For representing a candidate solution (VTF) with a GP tree, suitable GP termi-
nal set, and GP function set are defined. Therefore, in our proposed scheme the 
GP terminal set comprises of the current value of WPM-based perceptual mask, 
DC and AC DCT coefficients of 8 8× block as variable terminals.  Random con-
stants in the range [-1, 1] are used as constant terminals. The GP function set 
comprises of simple functions including four binary floating arithmetic operators 
(+, -, *, and protected division), LOG, EXP, SIN, COS, MAX and MIN. 

The functional dependency of the VTF on the characteristics of HVS and the 
distortion incurred by a single attack can be represented as: 

( ) ( ) ( )( )1 2 0,0 1 2 1
, , , , , ,

VTF
k k f X X i j k kα α ϕ=

,
        (2) 

where ,i j are block indices and 
1 2
,k k are general 2-D indices. 

1 2
( , )k kα represents 

Watson’s perceptual mask incorporating HVS dependency based on frequency 
sensitivity, luminance sensitivity and contrast masking effect. It is to be noted that 
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1 2
( , )

VTF
k kα is just a functional dependency whose realization appears in equation 

7.
0 ,0

X is the DC DCT coefficient, ( ),X i j is the AC DCT coefficient of the cur-

rent block and 
1

ϕ  denote the information pertaining to the distortions caused by a 

single attack. However, in order to incorporate the knowledge regarding a  
sequence of attacks, we modify equation 2 as: 

( ) ( ) ( )( )1 2 0,0 1 2 3
, , , , , ,

VTF
k k f X X i j k kα α ϕ=

,
 (3) 

where 
3 2 1

( ( ))fϕ ϕ ϕ= represents a sequence of distortions caused by three attacks. 

It is to be noted that the order of the attacks is also important. Nevertheless, we 
have observed that in order to resist a sequence of attacks, deciding only the 
strength of watermarking is not sufficient. Therefore, we modify equation 3 by 
exploiting frequency band selection as well: 

( ) ( ) ( )( )1 2 0,0 1 2 3
, , , , , , , ,

VTF
k k f X X i j k k i jα α ϕ=

,
   (4) 

where i, j are provided to the GP module in order to exploit position information 
inside a block. The attack information is implicitly learned through the fitness 
function defined as follows: 

1 2
* *iFitness F BCRϕλ λ= + ,   (5) 

where 
1

λ and
2

λ are the corresponding weights. To attain a maximum fitness value 

of 1, we choose their values such that
1 2 1λ λ =+ . The choice of 

1λ and
2λ is not 

easy. As a rule of thumb, for applications requiring more robustness, some sacri-
fice can be made in terms of imperceptibility, i.e. 2λ should be given more 

weightage. On the other hand, for those requiring high imperceptibility, 1λ should 

be increased. In our experiments, we choose equal values of 0.5 for each of 
them. BCRϕ is the robustness measure of the watermarked work and represents Bit 

Correct Ratio after the set of attacks are carried out in a sequence. More informa-

tion on BCRϕ can be found in [7]. iF
 
is the visual quality  objective of the fitness 

function and consists of structural similarity index measure (SSIM) [12] and 
weighted peak signal-to-noise ratio (wPSNR) [13] at a certain level of estimated 

robustness. It is given as: 
1 2
* * / 46iF SSIM wPSNRγ γ= + , where 

1
γ and 

2
γ are 

corresponding weights. The value of 46 is used empirically such as to scale the 
wPSNR value closer to 1. Since both SSIM and wPSNR considerably contribute in 
estimating the imperceptibility, therefore, 

1
γ and 

2
γ are assigned a value of 0.5 

each. In this way, Fi can attain a maximum value of 1. 
For enhancing the automatic selection of suitable DCT coefficient positions, we 

use the concept of wrapper in our GP simulation. Therefore, equation 4 is modified 
as follows: 
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( )
( )

1 2 1 2

1 2

, , 0
ˆ ,

0

( )
VTF VTF

VTF

k k if k k
k k

otherwise

α α
α

≥
=
⎧ ⎫
⎨ ⎬
⎩ ⎭

 (6) 

In initial generation of our GP based proposed scheme, a population of candidate 
VTFs is created. Each candidate VTF is evaluated and scored against the fitness func-
tion (equation 5) using n images. In our simulation, we take 5n = . The mean fitness 
value is taken as the fitness corresponding to that candidate. In this way, the whole 
population of candidate VTFs is scored and the best individuals are selected to be par-
ents, so as to form the next generation by going through the genetic operations of 
crossover, mutation and replication. Hence, the solution space is refined generation by 
generation and converges to an optimum/ near optimum VTF, which is saved and used 
in the testing phase to watermark a dataset of m test images. 

 

Fig. 1 Detailed representation of encoding, decoding and fitness evaluation processes of the 
proposed scheme 

Figure 1 presents an elaborated diagram of the underlying details associated with 
different sub modules in encoding, decoding the fitness evaluation processes. After a 
candidate VTF is produced, an image is watermarked using a spread spectrum based 
watermarking technique such as that proposed by Hernandez et al. [4], and the percep-
tual mask derived from the candidate expression. The message bits are encoded by an 
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Fig. 2 Block diagram of an example 
attack sequence 

 

LDPC encoder before using repetition coding. Next, the SSIM and wPSNR values are 

computed from the watermarked image in order to obtain iF
 
before presenting it to 

the attack module. The attack module consists of a series of attacks applied on the wa-
termarked work. Due to space limitations, we have considered only a single attack 
scenario in our present work, which is presented as follows: 

An Example Attack Sequence: In this attack sequence, a watermarked image is 
first compressed to reduce its size. Later, the owner noticed small impulse noise in 
the produced work and performed median filtering to reduce it, and transmitted it via 
a channel characterized by Gaussian noise. On the receiver side, the received wa-
termarked image has suffered through a sequence of unintentional attacks. This at-
tack scenario is presented in figure 2. The generalization ability of the proposed 
scheme is not limited to this attack scenario. It is practically viable on attack (non-
geometric attack) sequences consisting of any combination of intentional and/or un-
intentional manipulations of the cover work. This is because the proposed method is 
able to exploit the hidden dependencies in HVS, which are otherwise, impossible to 
model using conventional approaches. Furthermore, through genetic evolution, it is 
able to learn the appropriate DCT bands to embed the watermark in order to make it 
resistant against different attack sequences. 

After the series of attacks are carried out, the decoding module decodes the wa-
termark and estimates the hidden message bits in order to compute BCRϕ . The de-

coding module implements the decoder proposed by Hernandez et al. [4]. 
We assume watermark power to depict robustness at the embedding stage of GP 

simulation. For this purpose, we use Mean Squared Strength (MSS) as used in [7] to 
estimate robustness of individuals in a GP population. 

If MSS and BCRϕ values lie within and under certain bounds respectively, bonus 

fitness is given which includes fitness due to imperceptibility as well. Else, the fit-
ness equals BCRϕ  value. This bounding helps in selecting individuals performing 

well on both of the objectives, i.e. individuals that provide sufficient watermark 
strength without violating the imperceptibility requirement. 
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3   Experimental Results 

The proposed scheme is implemented in Matlab. For GP simulation, we have used 
Matlab based GPlab toolbox [14]. In the training phase Lena, couple, boat, baboon, 
and trees images of size 128 128× are used to evolve optimal VTFs. The values of 
D1, D2, and T1 are empirically set to 1, 220 and 0.975 respectively. The 

weights 1λ , 2λ , 1γ , and 2γ  are set to 0.5 each. The evolved VTF for the example  

attack sequence is presented in prefix notation as: 

1 2 0,0 1 2 0 ,0 1 2

1 2

( , ) *(*(*( , ( , ), cos(log( (log( ), log( )(*( , ( , ),

sin(sin 0.674)))))))), (log(log( (log( (log( ( , ),

sin(0.674))), sin(0.674)))), sin(0.674))).

ˆ
VTF

k k X k k Max i Max X k k

Max Max Max k k

α α

α

α =
 (7) 

Figure 3 (a) and (b) present original and watermarked images respectively.  
Figure 3(c)-(h) demonstrates the severity of distortions introduced by a series of 
attacks in the watermarked image. Figure 3(d), (f) and (h) show the scaled differ-
ence image after each subsequent attack is applied. It is observable that most of 
the distortions occur at the edges, where conventional watermarking techniques 
usually perform the embedding. Due to intelligent position and strength selection, 
and employment of LDPC coding, our watermarking scheme is able to counter 
such a hostile attack environment.  

  
(a) Original Lena 
Image. 

(c) JPEG attacked 
Lena Image. 

(e) (JPEG + me-
dian filtering) at-
tacked Lena im-
age. 

(g) (JPEG + me-
dian filtering + 
Gaussian) attacked 
Lena image. 

  
(b) Watermarked 
Lena image. 

(d) Scaled differ-
ence image be-
tween (b) and (c). 

(f) Scaled differ-
ence image be-
tween (b) and (e). 

(h) Scaled differ-
ence image be-
tween (b) and (g). 

Fig. 3 Severity of distortions caused by the sequence of attacks on watermarked Lena image 

 



516 I. Usman et al.
 

Table 1 shows the results obtained using the aforementioned evolved VTF 
for the example attack sequence. We compare our results with Hernandez et 

al.’s watermarking scheme [4] which make use of WPM (
1 2

( , )k kα ) instead of 

genetically evolved VTF (
1 2

ˆ ( , )
VTF

k kα ). Table 2 shows results obtained using 

WPM. Comparing it to table 1, we observe that the evolved expression outper-
forms WPM in terms of BCR, keeping almost the same level of SSIM, and 
hence the same imperceptibility. For this purpose, we use some scaling factor 
which scales the SSIM value in case of WPM to that derived using the evolved 
VTF. 

Table 1 Performance measures of the evolved VTF on 5 training images against the 
example attack sequence 

Image Name MSS 
Mean 

Squared Er-
ror 

Document 
to Water-

mark Ratio
wPSNR SSIM Fi BCR 

Lena 12.99 12.98 29.88 39.87 0.967 0.917 1 
Couple 18.66 18.64 29.50 39.95 0.967 0.918 0.937 
Boat 25.12 25.07 29.27 41.04 0.913 0.902 1 

Baboon 18.13 18.11 29.93 41.21 0.976 0.936 0.937 
Trees 19.93 19.75 30.03 38.39 0.943 0.888 1 

Figure 4 shows the performance of the evolved VTF against the example at-
tack sequence for 300 test images. These comprise of images from everyday life 
containing both indoor and outdoor images in order to demonstrate the generali-
zation ability of the proposed scheme. For comparing it with Watson’s percep-
tual shaping function, the imperceptibility in terms of SSIM is kept the same for 
both the methods. The effectiveness of the proposed scheme and its generaliza-
tion capability to be used in order to watermark a large number of small images 
can be observed from the marked improvement in terms of robustness with no 
compromise on imperceptibility. 

Table 2 Performance measures of WPM on training images against the example attack 
sequence. For comparison purpose SSIM is kept the same as in table 1 using some scaling 
factor 

Image Name MSS 
Mean 

Squared Er-
ror 

Document 
to Water-

mark Ratio
wPSNR SSIM Fi BCR 

Lena 17.09 17.07 28.69 39.75 0.964 0.914 0.75 
Couple 20.68 20.61 29.02 39.92 0.967 0.917 0.937 
Boat 10.14 10.09 33.22 41.89 0.915 0.913 0.937 
Baboon 18.59 18.52 29.83 42.23 0.974 0.946 0.875 
Trees 6.29 6.26 35.02 44.99 0.947 0.962 0.625 
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Fig. 4 BCR for the evolved VTF and WPM using 300 test images against the example at-
tack sequence. Note that the number of images is averaged over intervals of 10 

4   Conclusion 

The proposed scheme presents a method of shaping a watermark in terms of ro-
bustness-imperceptibility trade off and in view of a set of probable attacks. LDPC 
coding is employed to further increase its robustness. In real world applications, a 
watermarked work is vulnerable to such circumstances. Experimental results char-
acterize that the proposed approach outperforms the conventional Watson’s per-
ceptual model for watermarking a large number of small images. This improve-
ment is achieved by exploiting both the positions and strength of alteration in 
DCT coefficients and by making use of error correction strategy at the encoding 
stage.  
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Voice Conversion by Mapping the Spectral and
Prosodic Features Using Support Vector
Machine

Rabul Hussain Laskar, Fazal Ahmed Talukdar, Rajib Bhattacharjee, and Saugat Das

Abstract. This paper presents an alternative voice conversion technique using sup-
port vector machine (SVM)-regression as a tool which converts a source speaker’s
voice to specific standard target speaker. The main objective of the work is to cap-
ture a nonlinear mapping function between the parameters for the acoustic features
of the two speakers. Line spectral frequencies (LSFs) have been used as features to
represent the vocal tract characteristics. We use kernel induced feature space with
radial basis function network (RBFN) type SVM that uses gaussian kernel. The in-
tonation characteristics (pitch contour) is modified using the baseline technique, i.e.
gaussian normalization. The transformed LSFs along with the modified pitch con-
tour are used to synthesize the speech signal for the desired target speaker. The target
speaker’s speech signal is synthesized and evaluated using both the subjective and
the listening tests. The results signify that the proposed model improves the voice
conversion performance in terms of capturing the speaker’s identity as compared to
our previous approach. In the previous approach we used feed forward neural net-
work (FFNN) based model for vocal tract modification and codebook based method
for pitch contour modification. However, the performance of the proposed system
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can further be improved by suitably modifying various user-defined parameters used
in regression analysis and using more training LSF vectors in the training stage.

1 Introduction

The phenomenon of voice conversion [1]-[4] is to modify a source speaker utter-
ance, as if spoken by a specified target speaker. The main aim of voice conversion is
to design a system that can modify the speaker specific characteristics of the source
speaker keeping the information and the environmental conditions, contained in the
speech signal intact. In our day-to-day life, individuality in one’s voice is one of
the most important aspects of human speech. Our main objective in the proposed
support vector machine [5]-[11] model is to design and develop a voice conver-
sion technique which helps in maintaining the speaker’s individuality or speaker’s
identity [23][24] in the synthesized speech. Various potential applications of voice
conversion are- customization of Text-To-Speech System, developing speaker recog-
nition and speaker verification systems in security and forensic applications, movie
dubbing, animation, karaoke etc., hence the motivation for our work.

In the area of speech signal processing, isolating the characteristics of speech and
speaker from the signal is a challenging problem. Mainly, two problems are to be
addressed for the proposed voice conversion technique:

(a). As it is not possible to modify all the speaker specific characteristics, vocal
tract characteristics have been chosen as it is of significance importance and among
the prosodic features pitch contour has been taken.

(b). Define a mapping function between the source and the target features such
that the transformed speech signal mimics the target speaker’s voice.

The vocal tract characteristics are represented by various acoustic features, such
as formant frequencies, formant bandwidths, spectral tilt, linear prediction coef-
ficients (LPCs)[1], cepstral coefficients [1], reflection coefficients (RCs), log area
ratios (LARs). For mapping the speaker-specific features between source and tar-
get speakers, various models have been explored in the literature. These models are
specific to the kind of features used for mapping. For instance, gaussian mixture
models (GMMs) [4][17] and vector quantization (VQ) [19][20], fuzzy vector quan-
tization (FVQ), linear multivariate regression (LMR), dynamic frequency warping
(DFW), radial basis function networks (RBFNs) [12]-[14], feed forward neural net-
work [27] are widely used for mapping the vocal tract characteristics. Linear mod-
els, scatter plots technique [16], GMMs [15], sentence contour codebook [16] and
segmental pitch contour model [1][20] are the techniques used for mapping the pitch
contour. In this work, support vector machine based model has been used for map-
ping vocal tract characteristics. To capture the local dynamics, pitch contour has
been chosen which has been modified using the base line gaussian normalization
technique.

The rest of the paper is organized as follows. In section 2, the proposed voice
conversion system is discussed. In section 3, 4 & 5, mapping of the vocal tract and
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the pitch contour and their integration have been described. In section 6, the testing
of the model and the results has been dealt with. The whole idea is summarized in
section 7 and the area for future work is specified in Section 8.

2 Proposed Voice Conversion System

The block diagram for the proposed voice conversion system is shown in Fig. 1. In
our work, we have proposed an algorithm to apply the support vector machine for
mapping the vocal tract characteristics. The vocal tract characteristics of a particu-
lar speaker is nonlinear in nature. Moreover, the most significant information about
the speaker identity lies in the vocal tract characteristics. Therefore, for voice con-
version, it needs to capture a nonlinear mapping function between the vocal tract
characteristics of the source and the target speaker. The main reason for exploring
the SVM for mapping the vocal tract characteristics is that it captures a nonlinear
mapping function between the features space of the source and the target. Unlike
the back-propagation algorithm, kernel based SVM follow the structural risk mini-
mization problem and operates only in batch mode. The SVM is a learning machine
that is based on statistical learning theory, and is different from either parametric
models (like GMM) or non-parametric models (like FFNN) which minimizes the
upper bound on the expected test error. In our work, SVM with gaussian kernel to
RBFN is used as it best fits on the data when number of data is more. The use of
RBFN kernel basically gives an alternative solution by projecting the data into high
dimensional acoustic feature space and a nonlinear mapping to that feature space
can be implicitly performed without increasing the number of tunable parameters.
For RBFN, the number of radial basis functions, their centers, linear weights and
basis levels all are computed automatically. It has been observed that SVM can be
used as a classifier to identify the speakers [7]. The SVM classifier used for digit
recognition problem also give a good performance [6]. Hence, the support vector
machine based model has been proposed for mapping the vocal tract characteristics
from the source to the target speaker.

For mapping the intonation patterns between a speaker pair, there exist different
methods with varying degree of complexity. There is an error between the mapped
pitch contour [15][16] and the target pitch contour with respect to local rises-falls
in the intonation patterns. These rises-falls characterize the stress patterns present
in the utterance which are basically depended on the nature of the syllable and the
linguistic context associated to the syllable. To capture the local variations to certain
extent gaussian normalization is used at the word level, that are manually extracted
from the sentences of both the source and the target speakers. The sentences used
for preparing the database are rich in intonation patterns and are recorded for Indian
speakers. Most of the words in the database are monosyllable, disyllable or trisylla-
ble. In Indian context, the syllable carries the most significant information about the
intonation patterns and co-articulation affects. Therefore, it is expected that gaus-
sian normalization used at word level, for modification of pitch contour, can give a
better performance by capturing the local variations of the target pitch contour.
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Fig. 1 Proposed voice conversion system

3 Mapping the Spectral Characteristics

3.1 Features Extraction and Time Alignment

The basic shape of the vocal tract can be characterized by the gross envelope of
linear prediction (LP) spectrum. LP spectrum can be roughly represented by a set of
resonant frequencies and their bandwidths [22][23]. LPC parameters are obtained
using the LP analysis. In our work, another parameter set LSFs derived from LPCs
is used to describe the vocal tract characteristics, as it possess good interpolation
property [1]-[3]. For deriving the mapping function using proposed technique, the
system has to be trained with LSFs extracted from the source and the target speaker’s
speech signal. For this, we prepared the text transcription for 100 English sentences.
The sentences are of Indian context. These sentences are recorded for 2 male and 2
female speakers maintaining a good signal-to-noise ratio. Also all speakers are adult
and have a normal utterance. The duration of sentence is varying between 3-5 sec-
onds. The specifications of the recorded sentences are 8 KHz sampling frequency
and 16 bit resolution and are recorded using mono-channel. To capture the relation-
ship between the vocal tract shapes of the source and the target speakers, it needs
to associate the time aligned vocal tract acoustic features [19] of the source and the
target speakers. Dynamic time warping (DTW) [17][19] algorithm is used to derive
the time aligned vocal tract acoustic features. Thus the database for both the source
and the target speakers are prepared which consists of time-aligned LSFs. Approx-
imately, 40,000 LSF vectors have been obtained. 80% of the database is used for
training the system and the remaining 20% are used in cross-validation.
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3.2 Training and Testing the Proposed System

The training of the features is done through support vector regression. For a given
set of input and output vectors, the goal of regression is to fit a mapping function
which approximates the relation between the data points and is used later to predict
the output of a given new input feature vectors. The prepared database for train-
ing, for both the source and the target, contains around 40,000 LSF vectors in a
10 dimensional feature space. But 3000 to 5000 vectors are used for training the
system and the performance is studied. A large number of data gives a better perfor-
mance at the cost computational complexity. As the SVM operates in batch mode,
all the features for both the source and the target are fed to the machine for machine
learning and for establishing a mapping between the source and the target acoustic
feature spaces. In our work, a nonlinear regressive model which is approximated by
a scalar-valued nonlinear function is used. So an algorithm is proposed for deriv-
ing the mapping function. The procedure for training the machine, i.e., obtaining a
mapping function between the source speaker’s LSFs and target speaker’s LSFs is
given in Table-1 and Table-2 shows the overall procedure for the transformation of
source speaker’s LSFs to target speaker’s LSFs.

Table 1 Steps for deriving the weight matrix and bias

1. 3000 LSF vectors, which are scattered in a 10-dimensional feature space,for both the source
and the target are taken. So, size of LSFs vectors will be [3000,10] such that X[3000,10] and
Y[3000,10] denote the source and the target LSFs respectively.

2. Now as scalar-valued nonlinear function is used, a mapping function is determined between
X[3000,10] and Y[3000,1] in terms of a weight vector as W1[3000,1], i.e., a mapping is obta-
ined between the source LSFs and the first column of the target LSFs. The vector W1 is the
difference of Lagrange multipliers for e-insensitive loss function with interpolation error
e=0.001 and the upper bound C=100.

3. The step 2 is repeated 10 times and in each iteration a new column of Y[3000,10] is fed and
the weights are stored in matrix such that size of W is [3000,10].

4. Along with the weight matrix another scalar parameter bias calculated implicitly in the
regression time and is stored in an array. The value of the bias is zero for RBF kernel.
For other type of kernels or loss functions, the bias needs to be calculated either from the
average of support vectors with interpolation error (e) or from the output training vectors,
kernel matrix and weight vectors.

5. Thus a mapping function is obtained, in terms of two parameters weight and bias, which
are used in the transformation stage.

4 Mapping the Prosodic Features

Once the mapped LSFs are obtained, the pitch contour is modified as it carries
significant information about the speaker identity and also for improving the nat-
uralness of the synthesized output [21][25]. Pitch contour is one of the most
significant speaker-dependent prosody and is defined as the rises and falls of the
fundamental frequency over time [24]. To modify one speaker’s pitch contour to
another speaker’s pitch contour, a linear transformation function is used on a frame
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Table 2 Steps for transforming LSFs

1. A new set of LSF vectors i.e. testing data corresponding to the utterance of the source
speaker is taken.The size of the testing data is around S[300, 10] corresponding to a
particular sentence of the source.

2. The LSFs of the source speaker, used in training are taken.
3. Now a kernel(H) matrix is formed from the training and testing data X[3000,10] and S[300,10]

respectively, such that size of the kernel matrix becomes H[3000,300].
4. The kernel matrix and the weight matrix, derived in the training stage, are combined to get

the mapped LSFs corresponding to the utterance of the target speaker and is called tested
data for the target.

5. To get the final mapped LSFs of the target speaker, the bias term is added to the mapped
LSFs obtained in step 4.

by frame basis based on the average ratio of each of the speakers. The pitch contour
is extracted using the knowledge of instants of significant excitation, also known as
epochs that are basically the instants of glottal closures in voiced regions and some
random excitation in unvoiced regions. The time interval between the two epochs
in the voiced portion of the speech signal corresponds to the pitch period. The pitch
contour is obtained from the epoch interval plot corresponding to voiced segments.
The pitch contours are extracted at the word level from the parallel words uttered
by the source and the target speakers. But as most of the words are mono, di or tri-
syllable(s), so it can capture the local variations to certain extent. The mean and the
variances of the source and the target speakers for each of the words are calculated.
The average values of the mean and the variances are obtained and from which the
slope and the bias are calculated. This slope and bias parameters are used to fit a lin-
ear mapping function using gaussian normalization to map the target pitch contours
corresponding to voiced segments.

5 Synthesis of Speech Signal Using Modified Features

Modified LP residual signal for the target speaker is obtained by deriving the new
epoch interval plot from the mapped pitch contour. The epoch sequences are ob-
tained from the new epoch interval plot. The original epoch sequences in the voiced
segments of the source speaker are replaced by new epoch sequences and epoch
sequences corresponding to unvoiced segments of the original source speaker are
left unchanged. Thus a new sequence of epochs of the source speaker’s original LP
residual signal is obtained. The rest of the excitation signal between the two succes-
sive original epochs is resampled, and copied between the successive new epochs
associated with them. This gives the modified LP residual for the desired target
speaker.

To combine the effect of both the mapped pitch contour and vocal tract char-
acteristics, the modified LP residual is used to excite the time-varying vocal tract
filter. The vocal tract filter is represented by the modified LPCs derived from the
predicted LSFs using SVM regression tool. The convolved signal between the
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modified LP residual and the modified vocal tract filter is the synthesized output
speech signal for the desired target speaker.

6 Performance Evaluation of the Proposed System

The LSFs mapped using the proposed SVM model along with the desired target
speaker’s LSFs are shown in the Fig. 2 for a particular frame of LSFs. Along the
X-axis is the order of the LSFs and along the Y-axis is the magnitude of the LSFs. It
is observed that the mapped LSFs closely follows the desired target LSFs. There are
some predicted LSFs that deviates from their desired target values. These may be
due insufficient training vectors used during the training phase. We have tested the
proposed system for around 8000 test LSF vectors, kept in the database for cross-
validation. The results in all the cases shows almost simillar performance. It is also
observed in all the cases, that the lower order predicted LSFs closely the follows the
desired target speaker’s LSFs. There are some deviations that takes place for higher
order LSFs. As lower order LSFs are more significant as compared to the higher
order LSFs, so some of the high frequency spectral distortions that take place are
not severe. These spectral distortions do affect the quality of the synthesized signal.
It is also observed that the predicted values of the LSFs lies within 0-Π range,
therefore the predicted vocal tract filter derived from the mapped LSFs are always
stable.

The mapped pitch contour for male to female conversion indicate that, the
mapped pitch contour captures the global behavior of the target pitch contour. It
is observed that the gaussian normalization applied at sentence level can not cap-
ture the local dynamics present in the pitch contour. It only maps the average
behavior of the target pitch contour. So in our work, gaussian normalization is
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Fig. 2 The desired and the mapped LSFs of the target speaker using the proposed model for
male to female conversion
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used at word level and it is observed that it captures the local variations to cer-
tain extent along with the global variations. It is also observed that there exist
certain jumps in the mapped pitch contour at the point of discontinuity. If there
is a sudden jump in the original source pitch contour, the gaussian normaliza-
tion method fails to capture this jump in the mapped pitch contour. These types
of distortions may lead to spectral discontinuities in the synthesized target speech
signal.

The performance of the mapping functions can be evaluated by using subjec-
tive and objective measures. In this work, the basic goal is the voice conversion,
therefore the mapping functions are evaluated by using perceptual tests i.e., lis-
tening tests. In this work, one separate mapping function has been developed for
transforming the speaker voices: - Male to Female (M-F), Female to Male(F-M)
For this case, five utterances have been synthesized using their associated mapping
functions. Listening tests are conducted to assess the desired (target) speaker char-
acteristics present in the synthesized speech. The recorded speech utterances of the
target speaker and the corresponding synthesized speech utterances had been made
available to listeners to judge the relative performance. The listeners were asked to
give their opinion score on a 5-point scale. The rating 5 indicates the excellent match
between the original target speaker speech and the synthesized speech. The rating
1 indicates very poor match between the original and the synthesized speech and
the other rating indicate different levels of deviation between 1 and 5. The obtained
MOS shown in Table 3, indicate that the transformation is effective if source and
target speakers are from different genders. The MOS shows that the performance of
the proposed method is comparable to our previous method. In the previous method,
feed forward neural network based model was used for mapping the vocal tract
characteristics and codebook based model for mapping the pitch contour for voice
conversion [27].

Table 3 MOS for performance evaluation of the integrated systems

Using proposed Using FFNN
Speaker SVM based based integrated
combination integrated method method
M-F 3.86 3.61
F-M 3.99 3.94

7 Summary and Conclusion

In this paper, the support vector regression tool has been used for modifying the
vocal tract characteristics between the source and the target speakers. The result
shows that the mapped LSFs follows the desired target LSFs closely and the syn-
thesized speech signal contains more target speaker’s identity. In the present work,
LSFs derived from LPCs were used for representing the shape of the vocal tract. The
target speaker’s speech was synthesized using the parameters derived from the map-
ping functions correspond to vocal tract system and prosodic characteristics. From
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the perceptual tests, it was found that the voice conversion is more effective, if the
source and the target speakers belong to different genders. Subjective evaluation also
indicate that the developed voice conversion system has improved performance. We
are trying to improve the performance of the system, by training the system more ef-
ficiently with large number of training data and also suitably selecting the different
user defined parameters.

8 Future Work

The actual implementation of support vector regression involves the use of various
user defined parameters. So, the performance of the machine mostly depends on
the choice of these parameters. In this paper, the mapping functions corresponding
to source characteristics (shape of the glottal pulse) has not been included. The
duration patterns and the energy profiles between the source speaker and the target
speaker are not also considered. Developing proper mapping functions to transform
the duration patterns and energy profiles may improve the overall performance of
the system.
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