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ABSTRACT

The problems that have a solutions search space with several points that are fitter than all the
solutions in their neighbourhood represent multi-modal problems. Each of these points is called
local optimum and, among them, the one with the highest value for the fitness function corresponds
to the global optimum.

Most of the real-world problems have multiple local optima in the solutions search space.
When dealing with such tasks, the goal is to escape the local optima and reach the global one.
However, when there exist several global optima or even local optima that are very close to the
global one(s), the aim of an evolutionary algorithm that is applied for such a problem is to provide
a set of all almost global optima so that the user selects the most convenient one.

The thesis is concentrated on the development of efficient evolutionary techniques for multi-
modal optimization problems. There are two techniques proposed within the existing genetic
chromodynamics framework that proved, in the experiments conducted on a large suite of bench-
mark test functions, to be more efficient than the original method with respect to both accuracy
and the necessary fitness evaluations budget, especially when the dimension of the problem is
increased. A hybridized evolutionary technique, topological species conservation, is proposed for
the same type of problems: It does not make use of any radius for separating the population into
subpopulations and proved however to be very competitive even when the problem dimension is
enlarged.

As there is a great necessity of applying research to real-world problems, the secondary goal of
the current work is to find means of applying multi-modal evolutionary techniques to classification
tasks. One of the techniques achieved within the genetic chromodynamics framework is used as
an engine for a classifier. Then, both the cooperative and competitive coevolution algorithms
are considered, in turn, as tools for proposed classifiers. All classifiers are tested against several

real-world benchmark classification problems.

xviil



CHAPTER 1

INTRODUCTION

1.1 Evolutionary Computation. Inspiration and Rationale

The power of evolution in nature is obvious since diverse species that make up our world manage
to survive and adapt in their own niches, sometimes in very cruel environments. Thus, it is not
surprising that some computer scientists chose natural evolution as a source of inspiration for
problem solving.

In order to solve a problem, an environment is created and is filled with a population of
individuals. Learning is viewed as a process of continuous adaptation of an individual to the
initially unknown environment. The adaptation of the individuals in the population is achieved
through reproduction and mutation. The fitness of the individuals is closely related to how
well they adapted to the environment and represents their chance of survival and multiplication.
The individuals that form the population represent a collection of candidate solutions for the
considered problem. As an outline of the correspondences between natural evolution and problem
solving, the environment represents the problem, individuals are candidate solutions and the
fitness corresponds to the quality of the solution. The quality of a candidate determines the chance
that the considered individual has to be used as a seed for building new candidate solutions that
will form the next generation.

Given an environment that can host only a limited number of individuals and the capacity
to reproduce added to them, selection is inevitable if one does not want the population size
to grow exponentially. Obviously, natural selection favours those individuals that adapt to the
environment condition best — survival of the fittest — so the best ones survive and reproduce and
the evolution progresses step by step. Occasional mutations take place in order to introduce new
individuals to be tested. Thus, the constitution of the population changes as time passes and it
evolves, offering in the end the solution(s) for the considered problem.

The evolutionary computation notion was introduced as a term only at the beginning of the
90s as an effort to bring together researchers working with different approaches, all simulating evo-
lution: genetic algorithms, evolution strategies, evolutionary programming. All of them imply the
use of selection of individuals in a population, reproduction, random variation and competition,

which are the essence of evolution, both in nature or inside a computer [Fogel, 1997].
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Evolution represents an optimization process that does not reach perfection, but still can
obtain highly precise solutions to a large scale of optimization problems.

Most of the real-world problems have an immense solutions search space and a high number of
local optima that the global solution cannot be found in reasonable time. Moreover, the problems
can have dynamic components that can change the location of the optima in time and, therefore,
the technique that is considered for solving them must adapt to the changes. Additionally, the final
solution may have nonlinear constraints that have to be fulfilled (constrained problems) or may
have objectives that are in conflict (multiobjective problems). Evolutionary algorithms represent
an appropriate alternative for solving such problems: They are population-based approaches,
thus multiple regions of the search space can be simultaneously explored. This represents a
good advantage, especially when dealing with a multi-modal search space where an evolutionary
algorithm keeps track of several optima in parallel and maintains diversity in the population of
solutions, with the aim of performing a better exploration of the search space for finding the global
optimum. When the considered problem is dynamic, the solutions in the population continuously
adapt to the changing landscape and move towards the new optima. For multiobjective problems,
evolutionary algorithms provide, in the end of the evolution process, a set of trade-off solutions
for the conflicting objectives, while traditional techniques only produce one solution at the end
of a run. For constrained problems, evolutionary algorithms offer a set of feasible and unfeasible
solutions. Probably the main advantage of the evolutionary algorithms and the reason why they
are so used nowadays is that they can be applied to any type of optimization problem, be that
it is continuous or discrete. Another important advantage is that they can be easily hybridized
with existing techniques.

Although evolutionary algorithms may appear as the right solver for any optimization prob-
lem, this is not the case: ”If there is already a traditional method that solves a given problem,
evolutionary algorithms should not be used” [Schwefel, 1997], as they cannot be better or with
less computational effort. The computational effort indeed represents an important drawback of
evolutionary algorithms as many candidate solutions have to be evaluated in the evolutionary
process. Even if evolutionary algorithms do not necessarily provide the best possible solution for
the problem at hand, they can be used for adding further improvements to solutions obtained by
other means, only by incorporating these solutions in the starting population.

The domain whatsoever presents a continuous interest for researchers in this field as well as
from completely different areas. Every time one deals with an optimization problem, evolutionary
algorithms almost became the most attractive alternative, mainly because of their simplicity and

flexibility.

1.2 Thesis Motivation and Objectives

In the evolutionary computation context, when dealing with multi-modal optimization there exist

two goals. On the one hand, the global optimum has to be detected, meaning that search does
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not have to get blocked into local optima. On the other hand, it is desired that a set of the most
promising optima is kept and provided in the end of the evolutionary process, so that the user
could select the ones that are most convenient.

Finding just the global optimum of an optimization problem represents a challenge for re-
searchers that construct techniques for this matter. Designing methods that have to find several
optima is therefore even more motivating. Why design other evolutionary techniques for multi-
modal optimization? According to the no-free-lunch theorem [Wolpert and Macready, 1997],
there cannot exist any algorithm for solving all problems that is generally superior/inferior to
any alternative approach. Thus, there always exists the need for creating new evolutionary tech-
niques but, especially, it is necessary to point out on what type of problem they perform better
than other existing approaches and, it is of great interest to understand why they do so.

The main goal of this thesis regards the development of new, efficient evolutionary techniques
for multi-modal optimization problems. The potential of the techniques is verified through their
application on suites of benchmark problems. The second aim of the thesis is to try and find new

means of addressing real-world tasks through evolutionary algorithms.

1.3 Achievements and Restraints

Regarding the development of new evolutionary methods for multi-modal optimization, three

techniques are proposed:

e The first one is built on the bases offered by the genetic chromodynamics framework. It
is meant to speed up the original algorithm and, additionally, to improve the solutions
accuracy through the employment of a crowding procedure within [Stoean et al., 2005¢],

[Stoean and Dumitrescu, 2005a].

e The second proposed method [Stoean et al., 2005a] starts from the genetic chromodynamics
with crowding technique. It introduces clones of the individuals that remain alone in their
subpopulations, connected to different optima, and then mutates these clones. This way,

fine tuning is performed for the final solutions. Both techniques are described in chapter 4.

e Another evolutionary algorithm for multi-modal optimization is proposed through the topo-
logical species conservation technique [Stoean et al., 2007a] (chapter 7): It does not make
use of any radius for separating subpopulations, but only employs the fitness landscape
topology instead. The technique arises from the hybridization of two recent multi-modal
evolutionary methods, but avoids their drawbacks and inherits their strengths; the obtained
results proved that, indeed, the new method in more accurate and, at the same time, dis-

burdens itself of a crucial parameter, the species radius, which is very hard to parameterize.

As the second goal is concerned, the real-world task that is dealt with in the thesis is classifi-

cation. Five benchmark data sets are considered, three coming from the University of California
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at Irvine (UCI) Repository of Machine Learning Databases! and two with raw information. The

ones coming from UCI represent widely used data sets like:

e Fisher’s Iris data set that refers to the classification of iris plants, based on some of their
attributes [Stoean et al., 2005c], [Stoean and Dumitrescu, 2005b], [Stoean et al., 2006b],
[Stoean, 2007].

e Pima-Indian Diabetes data set in which positive or negative diabetes diagnosis, based on a

list of patient features, has to be reached [Stoean et al., 2005¢c], [Stoean et al., 2005d].

e Breast Cancer data set that targets the breast cancer diagnosis of a set of patients, based

on the values they have for some medical indicators [Stoean et al., 2007b], [Stoean, 2007].
The raw collections are briefly described below:

e The first one, from the University Hospital in Craiova, Romania, deals with hepatic cancer

early diagnosis [Stoean et al., 2008c]|.

e The second one contains real, not preprocessed e-mails that are categorized into good or un-

desired messages, based only on their text [Stoean, 2004b], [Stoean, 2004a], [Stoean, 2004c].

All data sets considered in this thesis are described in Appendix B.
There are two chapters that target the practical assignment of classification in which three

possibilities of evolutionary approaches for classification are proposed:

e One of them is based on the newly developed genetic chromodynamics with crowding tech-
nique [Stoean et al., 2005d], [Stoean and Dumitrescu, 2006], [Stoean and Dumitrescu, 2005¢]
(chapter 5).

e The cooperative coevolutionary approach is then used as a classification engine
[Stoean et al., 2006d], [Stoean et al., 2006¢], [Stoean et al., 2006b], [Stoean et al., 2006a)].

e Competitive coevolution is finally employed as a classification mechanism [Stoean, 2007].

Both coevolutionary approaches are presented in chapter 6.

Regarding the restraints of the thesis, there are some open problems that remain for future
work. As one of the targets of the thesis is to develop evolutionary tools designed for real-world
application, the aim is to create the techniques as complete and easy to adjust as possible, i.e.
with a minimum number of evolutionary parameters to be set. The mutation strength parameter
is the one that is very much dependent of the considered problem and adding an adaptation
mechanism for it would not only open a path leading to substantially increased performance, but
also ease the work of the user. Another task that remains for future work is the development of

a tool for detecting the topology of the fitness landscape, i.e. whether there exists a very high

! Available at http://www.ics.uci.edu/~mlearn/MLRepository.html
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number of local and/or global optima. Knowing this information in advance can be very valuable
for a technique dealing with a certain problem, be that it is evolutionary or not: It can help in
setting the proper values for parameters or even in deciding the method that should be employed

for solving the problem.

1.4 Thesis Outline

The thesis contains two survey chapters and then, starting with chapter 4 to chapter 7 the
presentation is focused on the methods in which the author was directly implicated. Note however
that the surveys, especially the one about evolutionary algorithms, do not contain too many
details regarding representation, fitness function, operators etc, but only a brief introduction is
provided. This happens due to fact that it is not the aim of this work to present generalities
about evolutionary algorithms and, at the same time, the methods in which there exist personal
contributions are largely described and space limitation has to be obeyed. The thesis is organized
as follows.

Chapter 2 briefly sketches out the ideas behind any evolutionary algorithm, provides the steps
that are followed in every such technique and outlines the main components.

Chapter 3 presents an overview of the most commonly used and recently developed evolution-
ary techniques designed for multi-modal optimization problems.

Chapter 4 outlines alternatives within the genetic chromodynamics framework. The methods
are applied on a set of benchmark functions and comparison of the results with the original genetic
chromodynamics algorithm, as well with other evolutionary techniques, is undertaken.

In chapter 5, an approach for classification based on one of the techniques presented in the
previous chapter is presented. It is tested on several data sets and results proved to be competitive
to those obtained by other state-of-the-art techniques in the literature.

Two different approaches for classification are proposed in chapter 6: They are based on
cooperative and competitive coevolution. Again, application on real data sets is included.

Chapter 7 contains a new hybrid evolutionary method for multi-modal optimization, namely
topological species conservation. The method is applied for function optimization and direct
comparisons are conducted with the most powerful of the parent techniques. Results indicate
that the newly developed method performs better while also removes a parameter whose value is
hard to set.

The thesis encloses with the conclusions and ideas for future work in chapter 8.



CHAPTER 2

EVOLUTIONARY ALGORITHMS. BASIC
CONCEPTS

2.1 Objectives of this Chapter

The goal of this chapter is to summarize what is an evolutionary algorithm and which are its com-
ponents. A general scheme that forms the common basis of most evolutionary algorithm variants
is presented. The main components of EAs are then intuitively described. Note, however, that it
is not the aim of current work to elaborate on general details about evolutionary algorithms (EAs)
like certain selection or variation operators or to describe different types of representations specific
to genetic algorithms, evolutionary strategies or evolutionary programming: For such informa-
tion, please consult introductory books into evolutionary computation like [Dumitrescu, 2000a/,
[Dumitrescu et al., 2000], [Eiben and Smith, 2003], [Michalewicz, 1996].

2.2 What is an Evolutionary Algorithm?

There are many types of classes of evolutionary computation models and they are usually referred
to as evolutionary algorithms [Béck, 1996], [Back et al., 1997], [Dumitrescu, 2000a],

[Dumitrescu et al., 2000], [Eiben and Smith, 2003]. A common underlying idea lies behind all
these models: Given a population of individuals, the environment pressure causes natural selec-
tion, survival of the fittest, and consequently the average fitness of the generations rises step by
step. Having a fitness function to be maximized, a set of randomly generated candidate solu-
tions (or individuals) are created in the domain of the function and are evaluated — the better
individuals (or solutions) are considered those with higher values for the fitness function. The
evolutionary process starts when, based on the fitness values, some of the individuals are selected
to be the parents of the population in the next generation; descendants are obtained by applying
recombination and/or mutation to the previously chosen individuals. Recombination takes place
between two or more individuals and one or more descendants (or offspring) are obtained; descen-
dants borrow particularities from each of the parents. When mutation is applied to a candidate

solution, the result is one new candidate that is usually only slightly different from its parent.
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After applying these variation operators, mutation and recombination, a set of new individuals
is obtained that will fight for survival with the old ones for a place in the next generation; the
candidate solutions that are fitter are advantaged in this competition. The evolutionary process
resumes and usually stops after a predefined computational limit is reached. A general scheme of

an EA is presented in pseudocode and as flow-chart, in Algorithm 1 and Figure 2.1 respectively.

Algorithm 1 Pseudocode of an evolutionary algorithm

Require: A search/optimization problem
Ensure: The best obtained individual(s)
begin
Initialize population with random candidate solutions;
Evaluate each candidate;
while termination condition is not satisfied do
Select parents;
Recombine pairs of parents;
Apply mutation to offspring;
Evaluate resulted offspring;
Select individuals that will form the next generation;
end while
return best obtained solution

end

Variation operators have the role of introducing new candidates into the population and, in
this way, explore the space of solutions. But by applying variation operators, worse solutions
might be encountered; the task of avoiding the decrease in quality of the populations with respect
to the fitness evaluations is achieved by selection. Selection chooses, exploits the fitter candidate

solutions, so the average value of the population fitness consequently increases. In conclusion,

1. Variation operators create diversity in the population, having an explorative role, while

2. Selection favours the fitter individuals, having therefore an exploitative task.

In order to reach the optimum solution of the problem to be solved, a good equilibrium between
exploration and exploitation has to be established ([Dumitrescu, 2000a], [Dumitrescu et al., 2000],
[Eiben and Smith, 2003]). If too much exploitation is done and only little exploration, some
promising regions from the solutions search space might remain unexplored, so the best solutions
might not be found at all; in this case, the search process remains blocked into a local optimum.
Otherwise, if too much exploration is done and only little exploitation, the search process is very
much slowed down and the convergence of the algorithm to the optimum solution might become
too much time-consuming.

Many components of an EA are stochastic. When selection is applied, fitter chromosomes
have higher chances to be chosen than the less fit ones, but even the weak individuals, with

respect to the fitness evaluation, have a (smaller) chance to be selected. In the same way, when



CHAPTER 2. EVOLUTIONARY ALGORITHMS. BASICS 8

Parents

Initialization
\ Variation
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Figure 2.1: General scheme of an evolutionary algorithm

recombination is applied to two or more candidates, the offspring pieces are randomly chosen
from each of the parents. In the case of mutation, the parts of the individual that are changed or
mutated are also randomly chosen.

There is a variety of classes of EA models and all follow the above general outline, differing

only in technical details. Next section presents the common components of a typical EA.

2.3 Components of an Evolutionary Algorithm

The most important components of an EA may be identified as follows:

e Representation of candidate solutions

Population model

Fitness function

Selection

— Parent selection strategy

— Survival selection strategy

Variation operators

Each of these components has to be specified in order to define a particular EA. For completing
an EA, there appears the need for an initialization of the candidate solutions that will form the

initial population and for a termination condition, as well.
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2.3.1 Representation

When solving a problem using EAs, the first thing to do is to set up a bridge between the problem
space and the EA space. Objects forming possible solutions of the original problem (phenotypes)
have to be encoded into individuals within the EA (genotypes).

Sometimes, the phenotypes space and the genotypes space may coincide, while other times
they can be completely different. For instance, if one has an optimization problem on integers,
real-valued representation for genotypes can be chosen, so the two spaces would be the same, or
we could decide on a binary representation, i.e. a solution of the form ”21” from the phenotypes
space would be represented as ”10110” in the genotypes space. The way representation is chosen
depends very much on the problem to be solved. In conclusion, a mapping is therefore necessary
to transfer the solution of the problem into the EA space (encoding) and an inverse mapping will
be needed also, in order to transform the EA solution back into the problem solution (decoding).

Genotypes or individuals are also called chromosomes. The chromosome is composed of genes.
A gene is located at a particular position in the chromosome. A gene may contain several values

or may have several forms. Each value of a gene is referred to as an allele of that gene.

2.3.2 Population

The population has the role of preserving all candidate solutions at one time; it consists of a set
of genotypes that are not necessarily all different from each other. The population as a unit is
the one that evolves, not the individuals; when selection is applied for choosing the parents of
the population that will form the next generation, selection relates to the current population, by
picking better candidates.

The population size represents the number of individuals that the population contains. Usu-
ally, the population size, which is a parameter of the EA, is constant from the start to the end of
the algorithm.

The initialization of the population concerns the population size together with representation;
each gene of every individual generally takes a random value from its domain of representation.
Sometimes, the EA can start using as an initial population a set of fixed candidate solutions that

might be obtained using other methods.

2.3.3 Fitness function

The role of the fitness function (or evaluation function) is to measure how much the individuals
adapted to the environment. The evaluation function is mostly used by selection and thereby it
makes improvements possible.

The fitness function is defined on the space of the chromosomes and its values are real numbers,
in order to be able to make comparisons between the qualities of different individuals. Returning
to the example from the subsection dealing with representation, presuming a real-valued function

is to be optimized, e.g. f(z) = 22, the fitness of the genotype 10110 is 212 = 441.
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In many cases, the objective function, which is the name used in the original context of the
problem, coincides with the fitness function or the fitness function is a transformation of the given

objective function.

2.3.4 Selection

Selection appears twice during a while loop of Algorithm 1: First, there is selection for repro-
duction, when parents of the next generation are chosen (parent or mating selection) and then,
selection for replacement, when individuals that will form the population in the next generation
are chosen from the offspring and chromosomes in the current population (survivor selection).

Both selection types are responsible for quality enhancing.

Parent selection

Parent selection has the role of choosing, based on their quality, which of the individuals in
the current population are considered to undergo variation in order to create offspring. Parent
selection is typically probabilistic; high-quality individuals have a good chance to be selected for
reproduction, while low-quality ones have small chances of becoming parents.

The operator does not create any new candidate solutions, but only selects relatively good
solutions from a population and deletes the remaining solutions. Multiple copies of certain indi-
viduals are placed in a new population by removing inferior solutions.

As stated before, the main idea is that individuals with a better fitness must have a higher
probability of being selected. Nevertheless, selection operators differ in the way the chances are
assigned to better solutions: Some operators sort the individuals in the population according
to their fitness and then deterministically choose some few best individuals. Meanwhile, other
operators assign a selection probability to each individual which is dependent on its fitness, and
subsequently achieve selection through the use of a probability distribution. In the latter situation,
there exists the possibility of selecting a bad solution and, at the same time, rejecting a good
solution. However, this can be an advantage: the fittest individuals in a population can be
connected to a suboptimal region in the fitness landscape and, by using a deterministic selection,
the EA would evidently converge to the wrong, suboptimal solution. If, conversely, a probabilistic
selection is employed in such case, diversity is maintained for a higher number of generations by
selecting some less fit individuals and, therefore, more exploration is performed, the EA would
therefore be prevented from converging to a wrong solution.

Some of the most popular selection schemes are briefly mentioned in the following paragraphs.

When proportional selection is used, the number of copies an individual will have is directly
proportional to its fitness: A solution having double the fitness of another solution will also have
twice as many copies in the selected population. The most commonly used form of implementing
selection probabilities within the proportional type is the roulette-wheel (or Monte-Carlo) mech-
anism, where each individual in the population occupies a section on a roulette that has a size

directly proportional to its fitness. Then, the wheel is spun as many times as the population size
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and each time the solution indicated by the wheel is selected. Evidently, solutions with better
fitness have higher chances to be selected (and therefore to have several copies in the population)
as their sections on the wheel are proportional to their fitness. There are however limitations of

the proportional selection scheme:

e [t cannot handle minimization problems directly, but they have to be transformed into

maximization problems.

e It cannot handle negative values for fitness, as they should correspond to the sections on

the roulette-wheel

e If there exists a very fit individual in comparison to all the others in the population, pro-
portional selection selects a very high number of copies of that individual and this causes

to loss of diversity in the population which conducts to premature convergence.

e On the other hand, if all individuals have very similar evaluations, fact that usually happens
later on in the evolution process, the roulette-wheel will be marked approximately equally
for all individuals in the population and all of them will have almost the same chances of

being selected (the effect of random selection).

All the drawbacks mentioned above can be avoided by using a scaling scheme, where the
fitness of every solution is mapped into another interval before marking the roulette wheel
[Goldberg, 1989].

Within tournament selection, all these limitations are eliminated: In a tournament of n in-
dividuals, the best solution is chosen either in a deterministic or probabilistic fashion. In the
simplest form, n is 2, the scheme is called binary tournament selection and the best one of the
two solutions is chosen. This selection operator does not depend whether the fitness values are
positive or negative and, when one deals with a minimization problem (and not a maximization
one), the only difference is that the individuals with a smaller fitness value are selected (instead
of the one with the higher fitness value).

The last selection operator mentioned here is the ranking selection. It is similar to the propor-
tional selection, but instead of using the direct fitness value, the individuals are ordered according
to their performance values and attributed a corresponding rank. It can also treat negative evalu-
ations and, when minimization is required, the only difference is that ranking has to be inversely

performed.

Survivor selection

The survivor selection decides which individuals from the current population and their offspring
are retained to form the population of the next generation; as the number of individuals in the
population is usually constant, survivor selection intervenes in order to preserve population size.
This selection decision is usually based on the fitness of the individuals, favouring fitter candidate

solutions.
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2.3.5 Variation operators

While selection operator has the task of focusing the search on the most promising regions of the
search space, the role of variation operators is to create new candidate solutions from the old ones
and to increase population diversity. Variation operators are representation dependent, as for
different representations, different operators have to be defined [Béack, 1996], [Back et al., 1997],
[Dumitrescu, 2000a], [Dumitrescu et al., 2000], [Eiben and Smith, 2003]. The most often used

variation operators are recombination and mutation.

Recombination

Recombination or crossover is a binary variation operator that usually forms one or two offspring
by generally combining the genes of two individuals that are considered as parents. Recombination
represents a stochastic operator as choices like which parts are to be inherited from one parent
and which from the other or the way the two parts are combined depend on a pseudo-random
number generator.

In conclusion, by mating two individuals with different features, an offspring (or two) that
combine those features is (are) obtained. The aim is to explore the space between the two
individuals, in search of a chromosome that has a better quality.

Crossover can even take place between p individuals (p > 2) and p offspring may be ob-
tained [Béck et al., 1997], [Dumitrescu, 2000a], [Dumitrescu et al., 2000]; one offspring can also

be obtained by combining features from the p parents.

Mutation

Mutation is a unary variation operator. When applied to an individual, the result, also called
offspring, contains minor modifications of the initial individual. Through mutation, individuals
that cannot be generated using crossover may be introduced into the population. This operator
makes all the values of a gene available for the search process. The mutation operator is a
stochastic one also, so the genes whose values are considered to be changed are chosen in a
probabilistic manner.

The termination condition of a typical EA refers to reaching a previously set number of
generations, or not exceeding a predefined number of generations that passed without achieving
any improvement, or it may concern finding a solution with a given accuracy.

As a result of the algorithm, one may consider the best individual with respect to the fitness
function, from the last generation, or the best from the entire process, or, sometimes, the entire

(or a subset of the) population from the last generation [Béack, 1996], [Dumitrescu et al., 2000].
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2.4 Summary

The basic ideas of this introductory chapter into evolutionary computing can be summarized as

follows:
e A general idea of what is an evolutionary algorithm is firstly outlined.

e The components of a typical evolutionary algorithm are subsequently enumerated and are

followed by brief descriptions.



CHAPTER 3

EVOLUTIONARY TECHNIQUES FOR
MULTI-MODAL OPTIMIZATION

3.1 Objectives of this Chapter

The aim of this chapter is to outline what is a multi-modal problem and which are the most com-
mon and powerful evolutionary state-of-the-art techniques that are able to approximate solutions
for these problems. The target of all the evolutionary techniques for the multi-modal optimization
purpose represents the maintenance of diversity for a longer period; in this way, the search space
would be more extensively covered for a longer period and local optima could be detected, as a
global optimum would not attract the entire population of candidate solutions. There are several
possibilities for maintaining diversity like the modification of the fitness function (section 3.3), the
arrangement of the candidate solutions into groups of individuals that can only interact between
themselves (section 3.4), schemes of inserting the descendants into the population (section 3.5) or
the division of individuals depending on the search space (section 3.6). The last can be divided
into two parts: Radii-based evolutionary techniques, in which the mating partners of the individ-
uals are chosen from their close range, and the division of the individuals according to the fitness

landscape topology.

3.2 Multi-modal Problems and the Necessity for Diversity Preser-

vation

Most of the real-world problems have a fitness landscape topology with numerous unequal hills
which can be misleading for an evolutionary technique. Thus, EAs must avoid the blocking of
the search into local optima and direct it towards the global optimum.

The solution space may be intuitively viewed as a 2D (or 3D) representation, where candidate
solutions can be plotted as a set of points, each individual being a dot in this landscape. In
such a representation, high altitude stands for high fitness (Figure 3.1). Therefore, each peak
corresponds to highly fit solutions that are reached through successful combinations, while lower

areas correspond to less fit solutions. Hence, evolution is achieved when the population gradually

14
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Fitness

Solution space

Figure 3.1: Three optima with different shapes and different sizes for their basins of attraction.

advances to high altitude regions by means of variation operators and natural selection.

The problems in which there is a number of points that are fitter than all the solutions in
their neighbourhood represent multi-modal problems. Each of these points is called local optimum
and, among them, the one with the highest value for the fitness function corresponds to the
global optimum. The disjoint regions of high fitness are also called niches [Béck et al., 1997],
[Dumitrescu, 2000a], [Dumitrescu et al., 2000], [Eiben and Smith, 2003].

There are two distinct targets that are followed when an evolutionary technique deals with

such a multi-modal optimization task:

e Probably the most commonly met goal is to find the (almost) optimal solution out of a
high number of suboptimal solutions. In order to achieve that, one has to keep track of
the already found peaks and direct the search towards the unexplored parts of the solutions

space.

e Multiple (almost) optimal or even suboptimal solutions have to be located. For some prob-
lems, a set of different solutions might be necessary in order for the most convenient one to

be selected by a human expert as the final decision.

It is important to notice that the space of solutions is partitioned into basins of attraction
around optima, meaning those areas that delimit each of the local optima. In Figure 3.1 there are
three optima, each one with its own basin of attraction (basins are delimited by doted lines); the
size of the basin is very important, as if it is bigger, more candidate solutions are present there,
at least in the stage of generating the population.

As previously stated, multi-modal EAs are mostly used for identifying more highly fit solutions,
corresponding to several local optima, but they can be also used in the case when only a global

optimum has to be located, especially when the searched optimum does not have the largest
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basin of attraction. Suppose there are two nearly equal optima in the search space of the problem
and the basin of the worse local optimum is a little larger. In such a case, if one used a typical
EA, the population would be randomly scattered following a uniform distribution at first, but a
bit more individuals (maybe 52% of them) in the basin of the worse local optimum. As there
are more candidate solutions in this basin, selection is most likely to take more of the seeds
for next generation from it. As generations pass, the two subpopulations become more and
more unbalanced, until, in the end, the basin of the global optimum of the two remains with no
individuals; metaphorically speaking, the solutions stepped down from the hill that represented
the global optimum and then climbed on the other hill. That is the reason why in such cases EAs
that preserve subpopulations connected to different local optima have to be exploited. In what
follows, some largely used evolutionary models for solving multi-modal optimization problems are
presented.

To conclude, the main target of an EA that deals with a multi-modal optimization problem
is to avoid the premature convergence, i.e. stagnation into a local optimum. This goal can be
achieved by maintaining diversity within the population for a longer period of time. Genetic
diversity is important for pertaining a better exploration of the search space: This is especially
achieved through recombination of very different individuals, while applying the same recombi-
nation operator to very similar chromosomes does not yield new, different candidate solutions.
However, although recombining very different individuals leads to a good search space exploration,
two parents that follow different peaks are very likely to produce an offspring that has a very low
fitness. Hence, premature convergence is to be avoided, diversity is important in early stages,
but its high maintenance can be of no use, especially when approaching the final steps of the
evolutionary process; now, fine tuning should be performed and crossover between very different
individuals would only damage the solutions.

From the early years of evolutionary computation, numerous techniques, or extensions to
existing ones, have been proposed for improving performance when dealing with multi-modal
problems. In the following, the most popular together with some of the recently developed
evolutionary techniques, all gathered in groups depending on their common characteristics, are

to be presented.

3.3 Fitness Modification for Diversity Maintenance

Two approaches in which the evaluation of the individuals is differently performed are outlined
in this section: One of the most used evolutionary techniques for multi-modal optimization is
represented by fitness sharing. The fitness of each individual is computed by directly depending
on the number and fitness of its closely ranged individuals. Thus, each region of the search space
contains (in the best case scenario) a number of individuals that is directly dependent to its
fitness.

The other method that is included in the same group of techniques with fitness modifications
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for diversity maintenance is the cooperative coevolution approach. A complete solution of the
problem at hand is decomposed into several pieces and each such piece is searched by means
of an EA. When evaluating an individual from one subpopulation (that correspond to a piece of
solution), collaborators from the other subpopulations are selected in order to assemble a complete

solution that is evaluated. The two approaches are further presented.

3.3.1 Fitness Sharing

Each subpopulation corresponds to a niche and each niche represents an optimal region in the
search space. The goal of the niching method is to force the population to preserve different
subpopulations connected to the niches.

In an EA based on fitness sharing, individuals of a certain niche have to share the niche re-
sources and that is achieved by modifying the fitness function. Therefore, very similar individuals
have to share the resources at a higher level, as they belong to the same niche and, at the same
time, very different individuals have a low level of sharing.

For each individual x; in the population, a value m; (the sum of its niche) is computed as
(3.1).

n

m; =Y sh(d(z;,z;)) (3.1)

i=1
where

e 1 is the population size;

o d(x;, x;) is the distance between individual z; and x;; there can be various measures for
the distance, depending on representation (e.g. FEuclidean, Manhattan distance for real

encoding, Hamming distance for discrete encoding etc.);

e sh(d) is a sharing function given by (3.2).

1 — (=) if d < Tgpare
sh(d) = (G " (3.2)

0, otherwise

There are two parameters to be set here: « is one of them, but it is usually taken equal to 1,
and the other is the share radius ogpqre, which decides how many niches are maintained and its
value directly depends on the problem to be solved. If two individuals are identical, the value of
the sharing function applied to the distance between them is maximal. The value for the sharing
function tends to zero as the distance between individuals grows towards infinity.

Deb and Goldberg [Deb and Goldberg, 1989] proposed a manner of computing the value for
the ogpere radius that leads to the formation of subpopulations; that was afterwards embraced
by most of the researchers dealing with such parameters. It uses the radius of the smallest

hypersphere containing feasible space, which is given by (3.3).
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where n represents the number of dimensions of the problem at hand and z¥ and z! are the
upper and the lower bounds of the i-th dimension. Knowing the number of global optima Ng and
being aware that each niche is enclosed by an n-dimensional hypersphere of radius r, the niche

radius ogpere can be estimated as:

r
Oshare = (L/Tig (34)

Although the approximation given by equation (3.4) is very precise, in many cases, especially
for real-world applications, one does not know the number of global optima in advance and,
therefore, in such situations, it cannot be used.

The fitness sharing function of an individual z; will be obtained by dividing its fitness f(x;)
to the sum of its niche (3.5).

() = £ (3.5)

m;

As similar individuals share their fitness on a high level, the number of individuals in any
region of the search space is limited by the region fitness. Thus, the number of individuals in the

attraction basin of an optimum depends on the height of that peak.

3.3.2 Cooperative Coevolution

The first step that has to be undertaken when a problem is intended to be solved by coop-
erative coevolution is to find a proper decomposition of the problem into components. Then,
each component is assigned to a population (or species); each population evolves independently
(but concurrently with the others), except for the moment when the evaluation process takes
place. Each individual in a population represents a component of the solution to the problem
and thus a potential solution for every component in turn cannot be assessed apart from those of
the complementary parts. Therefore, every individual of each population is evaluated by selecting
collaborators from every other species; a complete solution to the problem at hand is thus reached
and its performance is computed and returned as the fitness value of the current individual.

Algorithm 2 describes the usual steps that are followed by a cooperative coevolutionary al-
gorithm. It starts with the initialization of each population. In order to measure the quality
of a certain individual, for the first evaluation, a random selection of individuals (collaborators)
from each of the other populations is performed and obtained solutions are evaluated. After this
starting phase, each population is evolved using a canonical EA.

As mentioned before, the choice of collaborators represents an important issue in this process.
Consequently, when building a cooperative coevolutionary algorithm, there are three attributes

regarding collaborator selection that have to be chosen [R. P. Wiegand and Jong, 2001]. Further
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Algorithm 2 Cooperative coevolutionary algorithm
Require: A search/optimization problem

Ensure: A complete solution to the problem
begin
t=0;
for each species s do
randomly initialize population Pops(t);
end for
for each species s do
evaluate Pop,(t);
end for
while termination condition = false do
t=1t+1;
for each species s do
select population Pop,(t) from Popg(t - 1);
apply genetic operators to Pop;(t);
evaluate Pop(t);
end for
return a complete solution
end while

end

detail regarding these attributes and applications of the cooperative coevolution approach can be
found in chapter 6.

Through this manner of evaluating the candidate solutions, their fitness depends entirely on
the collaborators that are chosen. Therefore, there are no individuals that are clearly advan-
taged by the selection operator, therefore the diversity is maintained for a longer period of time.
Cooperative coevolutionary results for the optimization of multi-modal functions proved to be
comparable to the ones obtained by other EAs designed for multi-modal optimization. However,
note that they were applied for multi-modal optimization problems aiming to find only the global

optimum out of several possible points, and not for the detection of several optima.

3.4 Spatial Population Topologies

A good way to avoid premature convergence is to separate the entire population into groups of
individuals that, can basically only interact between themselves. In this way, different groups can
converge to different regions of the search space and, genetic diversity is especially maintained
more extensively preserved. Three methods are presented in this group of techniques, two of

which are classical and one is recently developed.
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3.4.1 Island Model

One of the initial ways of tackling multi-modal optimization problems is to rerun the same EA
several times and to collect all the found solutions in each of the undertaken runs. However, it has
the disadvantage that it is not always the case that different optima are detected. This simulation
could be nevertheless achieved in only one run, by using an island approach.

The island model assumes that multiple subpopulations are built and maintained in tandem.
After a (usually fixed) number of generations called epochs, migrations between the islands take
place, meaning that a number of individuals are taken from each subpopulation in order to make
exchanges with the other neighbouring subpopulations [Béck et al., 1997], [Dumitrescu, 2000a],
[Dumitrescu et al., 2000], [Eiben and Smith, 2003].

A good equilibrium between exploitation and exploration is achieved since, in between epochs,
when subpopulations evolve independently, they explore and exploit the search space around the
fitter solutions; when migration takes place, individuals with potentially high fitness or completely
different genotypes are exchanged between neighbouring islands; moreover, recombination is to
take place between very dissimilar individuals. This interchange of individuals represents a plus
as compared to rerunning the same EA several times and each time collecting the results.

Although it looks very nice in theory, it is not always the case that different islands are
connected to different optima; each subpopulation, or most of them, might very well converge to
the same optimum that may be the one that has the largest basin of attraction.

There are also some parameters that have to be set:

1. How to divide the population into subpopulations — a minimum subpopulation size has to be
considered. On the other hand, the more subpopulations, the higher the chances to find the

optima (or global optimum), as more subpopulations have chances to explore more peaks.

2. How often do migrations take place — if they are too frequent, all subpopulations converge
to the same optimum; if migrations happen rarely, slow convergence may take place in some
of the islands. Usually migrations take place after 25-150 generations or if after a previously

set number of generations, say 25, no improvement is achieved.

3. Which individuals and how many of them are exchanged — to avoid premature convergence,
a small number of individuals is exchanged (2-5). Chromosomes that are exchanged may
be taken based on fitness selection or randomly. Another decision has to be taken, that is
whether the migrating individuals are moved or just copied; in the latter option, a replace-

ment mechanism has to be introduced for preserving subpopulations’ sizes.

3.4.2 Diffusion Model

A single population is considered and it is split into a large number of smaller subpopulations

(or neighbourhoods, or demes) that are distributed within algorithmic space: this is achieved by
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Figure 3.2: Population distribution on a grid. The current individual is the red one and its

neighbours are represented in green.

considering that each individual exists on a different point on a grid and selection and recombina-
tion take place only between neighbours (see Figure 3.2): Note that individuals that are situated
on the margins of the grid have as neighbours the individuals positioned on the opposite side of
the grid, which means that the entire grid represents a torus. In this way, even if a chromosome
has a very good fitness, it cannot change the entire population immediately; first it would change
only its neighbouring individuals and, then, these might spread the good genotype structure for-
ward and so on, thus only slowly diffusing throughout the population. Diffusion models are also
referred to as distributed EAs or cellular EAs, since the intuitive idea behind these models is
that the individuals spread throughout the global population like molecules in a diffusion process
[Béck et al., 1997], [Dumitrescu, 2000a], [Eiben and Smith, 2003].

There are many implementations for the diffusion EA and one of them (a more common one)

is outlined in Algorithm 3.

3.4.3 Religion-Based Evolutionary Algorithms

The religion-based EAs (RBEAs) [Thomsen et al., 2000] is inspired by the religion concepts in
the real world and how religions attract their believers. The technique starts from the idea of the
diffusion model and adds the concept of religions (subpopulations) and a scheme for drawing new
believers to a religion.

The RBEA uses a grid world like in the diffusion model case, where each cell may be empty
or may contain an individual. Each individual has three fixed actions that are performed in turn.

First, each agent tries to do a random walk to a vacant cell from its neighbourhood. After this
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Algorithm 3 Pseudocode of a diffusion evolutionary algorithm

Require: A search/optimization problem
Ensure: The best obtained individuals
begin
Initialize population and distribute it randomly on a grid, with one individual per node;
Define neighbourhood (deme) for each individual the (usually the node and all its immediate neighbours
are considered);
while termination condition is not satisfied do
for each deme do
Select two individuals from the nodes in the deme;
Recombine them and obtain an offspring;
Mutate the offspring;
Replace a randomly taken solution in a node of the current deme with resulted offspring;
end for
end while
return a set of the best solutions

end

step is performed, the individual tries to convert individuals belonging to other religions that are
located in its neighbourhood on the grid. An individual belief can be changed to another religion
if its own religion has a number of believers higher than a given threshold value. Moreover,
conversion is stochastic and only possible if the individual that is trying to convert others is fitter
than them. Finally, the individual attempts to reproduce with a nearby mate, but only from
its own religion. Therefore, mating is restricted to individuals belonging to the same religion
(subpopulation), which corresponds somehow to a mixture between the island and the diffusion
models: There exist migrations between subpopulations (which correspond here to the conversion
from one religion to another) but, on the other hand, all candidate solutions are arranged on a
grid like in the diffusion model case. For more details regarding the insights of the RBEA, see
[Thomsen et al., 2000].

In the undertaken experiments, RBEA proved to be significantly better than a standard EA

and better on five out of six test cases than a cellular EA.

3.4.4 Multipopulation Differential Evolution

Differential Evolution (DE) has been proposed in [Storn and Price, 1995] as a tool for global op-
timization. The idea behind the technique is to select from the population of candidate solutions,
in each generation and for each genome, three random individuals z,,, x,, and z,, and, starting
from these, to form a trial chromosome 3.6.

2 +F (:Bg,n — ) with probability p.

1,13

yi=35" e (3.6)
z] with probability 1 — p.
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where xf represents the j-th gene of the current individual z;, F' is a differentiation constant and
pe € [0, 1] is a probability value which controls the ratio of new components in the descendant. The
trial individual subsequently fights for survival with the current one and with the best individual
in the population.

One enlargement of DE to multi-modal optimization regards the integration of crowding within
the algorithm [Thomsen, 2004]: the obtained offspring replaces its most similar individual in the
population if it is fitter.

Another modification of the DE for multi-modal optimization that actually assumes the exis-
tence of several subpopulations is proposed in [Zaharie, 2004a|, [Zaharie, 2004b]. The population
is divided into equally sized subpopulations and a DE is applied for each one of them. In the
initialization process, each subpopulation is randomly generated in a certain subdomain. During
evolution, the subpopulations are not restricted to the initial subdomains. After a given number
of generations, a migration process take place: Each element of a subpopulation has a probability
to be picked for migration to another randomly chosen subpopulation where it can replace a ran-
dom individual. The best elements from each subpopulation are stored into an archive; to avoid
redundancy in the archive, the hill-valley mechanism in [Ursem, 1999] (that is also described in
subsection 3.6.2, Algorithm 9) is utilized and then doubled by the verification of whether the se-
lected individuals are not too close to each other. For the latter condition, one employs a threshold
that depends on a resolution factor, which is also used for cutting the domain into subdomains
during initialization. The proposed technique proved to be very powerful for the optimization of

several multi-modal functions.

3.5 Replacement Schemes

Cavicchio’s dissertation [Cavicchio, 1970] was one of the first attempts to use a replacement scheme
for preserving diversity for a longer time. Cavicchio introduced a procedure called preselection:
Each obtained offspring has to fight for survival with the weakest parent. Only five years later,
at the same University of Michigan, De Jong generalizes Cavicchio’s work by introducing the
crowding method [Jong, 1975] that proved to be of great importance for future research in the

evolutionary computing field.

3.5.1 Crowding

The crowding technique was introduced as a method of maintaining diversity: new obtained
individuals replace only similar individuals in the population. In this method, a percentage G
(generation gap) of the individuals is chosen via fitness proportional selection in order to create an
equal number of offspring. For each of these offspring, CF' (a parameter called crowding factor)
individuals from the current population are randomly selected; the offspring then replaces the
most similar individual of the CF that are selected. Usually, the CF parameter is taken equal

to 2 or 3, while generation gap parameter G is 10%. However, there were some issues that arise
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around this technique, as it suites only a limited set of multi-modal problems.
Mahfoud proposed an improvement to the original crowding algorithm that was called deter-
ministic crowding ([Mahfoud, 1995]). In this technique, the offspring fight for survival with their

parents only. A small description of it is outlined below:

—

. Random pairs are formed from the parent population.
2. Each pair generates two offspring via recombination.

3. Mutation is then applied to these offspring.

S

. Each offspring competes for survival with the most similar parent.

This way, subpopulations are preserved on each niche but, in this case, the size of each
subpopulation does not depend on the fitness of each optimum region; moreover, the population

is equally distributed amongst the available peaks.

3.6 Search Space Division

In all the techniques discussed in this section, the entire population is separated into subpopula-
tions that contain only neighbouring individuals. The presented techniques are grouped into two
types: The ones that make use of one (or more) radius (or radii) for creating the subpopulations
and one that employs the fitness landscape topology for the same purpose. While the radii-based
schemes have the disadvantage of using an additional parameter (i.e. the radius) that is very
dependent on the problem to be solved, the converse method of using the fitness landscape is very

expensive with respect to the number of fitness evaluations.

3.6.1 Radii-Based Schemes

There is a high amount of methods that make use of a radius parameter for separating the entire
population into subpopulations. For computing the value for the radius, one can use formula
(3.4). The fitness sharing method of section 3.3, could be also included here, because it uses a
radius parameter as well. Other important radii-based evolutionary techniques for multi-modal

optimization tasks are subsequently outlined.

Species Conservation Genetic Algorithm

The species conservation genetic algorithm (SCGA) concentrates on two aspects [Li et al., 2002]:
The determination of species based on similarity criteria, where each subpopulation is dominated
by a locally best individual, and the preservation of these individuals to the following generation
of the evolutionary cycle.

A species is defined as a subset of individuals where the distance between every two members

is less than the diameter given by a user-defined species radius. Each subpopulation is built
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around the best local individual, called species seed. A species is centred on its seed if, for
its every member, the distance to it is less than the species radius. At the beginning of every
generation, the mechanism that differentiates the species collects the seeds by taking into account
each individual of the population, in decreasing order of fitness, and testing whether it belongs
to any species centred on the already found seeds (i.e. its distance to a certain known seed is less
than the species radius) or is a new seed. The way of finding the seeds of each subpopulation is

described by Algorithm 4. Population size is denoted by n.

Algorithm 4 Seeds selection within the SCGA
Require: The population P of the EA

Ensure: The seeds within P

begin
Seeds = ©;
Sort population P decreasingly according to fitness;
for : = 1tondo
found = FALSE;
for every s in Seeds do
if d(P;, s) < radius then
found = TRUE;
end if
end for
if not found then
Seeds = Seeds U P;;
end if
end for
return the seeds set

end

The method that is responsible for conserving the dominating individuals acts on the pop-
ulation after the application of the variation operators. For every seed s in turn, the worst fit
individual w that belongs to the species centred on s (i.e. its distance to s is less than the species
radius) is considered. If this individual exists and is less fit than s, then the former is replaced by
the latter. Otherwise, if the species of s does not contain any individual at all (as they may have
disappeared because of selection or variation operators), then the worst individual from the entire
population w is replaced by s. The individual s that enters the population is prevented from
further substitution during the current generation. Apart from conserving the fittest individuals
from the entire population, this mechanism allows the preservation of even less fit individuals,
different enough from the global best ones, that could be at that moment positioned at the basis
of an empty peak and thus become useful in future iterations. Subpopulation conservation is thus
carried out through the conservation of the seeds of each species; the process is illustrated by
Algorithm 5.

An important remark that concerns the EA as a whole is that selection and recombination of
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Algorithm 5 Seeds conservation within the SCGA
Require: The current population P

Ensure: The population that contains the seeds
begin
Mark all individuals in P as unprocessed;
for every s in Seeds do
Take worst unprocessed w, such that d(w, s) < radius;
if w exists then
if f(w) < f(s) then
w=Ss;
end if
else
Take worst unprocessed w in P;
w=§;
end if
Mark w as processed;
end for
return the population with the integrated seeds

end

individuals are both performed globally, irrespective of the different species they belong to. This
may be counterproductive and resembles one of the critical parts of the technique.

At the end of the algorithm, the optima are selected from the seeds that are lastly chosen.
This Seeds set will not contain only the desired optima, but also low fitness individuals that are
stored because they are sufficiently different from all the other individuals. Therefore, another
parameter, solution acceptance threshold vy (0 < ry < 1), is introduced so that all solutions with

high enough fitness are selected: x € Seeds is selected if the inequality

f(x) > (fma:c - fmm) i

is satisfied, where f(x) denotes the fitness of x, while f,,q; and fp, represent the maximum and

minimum fitness in the final population.

Particle Swarm Model

Some generalities about the standard particle swarm model are primarily introduced in order to
prepare the presentation of the specific technique designed for multi-modal optimization.

The particle swarm based optimization has been introduced in [Kennedy and Eberhart, 1995]
as an alternative for genetic algorithms for function optimization. The optimization is obtained by
particles flying through the problem solution space. The particles are evaluated and the position
of the best found so far solution is retained (personal best or pbest). The particles communicate
with the neighbouring ones in order to store the best position found by the others (best global

optimum or gbest). By making use of the two optima values found up to the current moment,
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the particles generate a vector of velocities that is used to update their positions; the equations

describing this behaviour are as in (3.7).

$Z(t) = CL‘Z'(t — 1) + Ui(t)

(3.7)
vi(t) = wu(t — 1) + ciri(pi — xi(t — 1)) + cora(pg — xi(t — 1))

where v;(t) represents the velocity of the i-th particle at generation ¢, p; and p, are the previous
best positions of the particle (pbest) and of its neighbours (gbest) respectively, ¢; and c2 are two
positive constants, w the inertia weighting and r; and r3 two random numbers in the range [0,1].
Usually, the value of w decreases together with the generation number, fact that allows a better
exploration at the beginning of the process which gradually changes into a fine tuning.

The pseudocode for a standard particle swarm method is described in Algorithm 6.

Algorithm 6 Standard particle swarm algorithm

Require: A search/optimization problem
Ensure: The best obtained individual(s)
begin
Randomly initialize the particle population and the vector with the velocities.
while the stop condition is not met do
Evaluate the particles;
for each particle ¢ do
Update the best evaluation of particle ;
Update pbest;
Update velocity and position for particle ¢ according to (3.7);
end for
end while
return best obtained solution(s)

end

The particle swarm technique for multi-modal optimization, as proposed in [Parrott and Li, 2004],
uses a radius that delimits regions where gbest optima are employed; all particles that lie at a
smaller distance than the given radius use their own gbest value, fact that encourages the particles
to converge towards local optima.

A parameter pmax that gives that maximum number of particles within a subpopulation
(particles that share the same gbest) is introduced. If there are more than pmaz particles in a
subpopulation, the redundant ones are reinitialized in other locations of the search space.

All particles in a subpopulation use the personal best value (pbest) and the gbest of the sub-
population. The subpopulations are reconstructed in each generation. The random reinitialization
of the weaker individuals that belong to a subpopulation that has more than pmax particles is
probably a very strong point as diversity is constantly reintroduced.

As demonstrated in [Parrott and Li, 2004], the technique allows the particles to follow multiple

optima in a dynamic multi-modal environment.
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Genetic Chromodynamics

Genetic Chromodynamics (GC) [Dumitrescu, 2000b] belongs to the family of radii-based multi-
modal evolutionary frameworks, as it builds and maintains subpopulations connected each to
the local or global optima of the problem to be solved. This is achieved by introducing a set
of restrictions such as the way selection is applied or the way recombination takes place. For
selection, each individual represents a stepping-stone for the forming of the new generation — each
individual is taken into account for reproduction. If a chromosome has no similar individuals to it,
then it mutates. For reproduction, a local interaction principle is considered, meaning that only
individuals similar under a given threshold recombine. After either recombination or mutation
takes place, the offspring fights for survival with the stepping-stone parent.

For the subpopulations to become better and better separated with each iteration, a new
operator, called merging, is introduced. It merges very similar individuals and is applied after
perturbation takes place. Let an individual ¢ be given. If the distance between ¢ and another
individual is very small, under a given radius, then the latter is considered part of the merging
region of ¢. From the set of all individuals in the merging region of ¢, only one is kept. Generally,
it is decided such that the one with the best fitness evaluation is kept in the population. Alter-
natively, other merging schemes may be used (for instance, the mean of the individuals in the

merging region). The merging procedure is outlined in Algorithm 7.

Algorithm 7 Merging procedure

Require: The current population
Ensure: The population after merging
begin
repeat
an individual ¢ is considered the current one;
select all m chromosomes in the merging region of ¢, including itself;
remove all but the best chromosome from the selection;
until merging can not be applied at all
return the population after merging

end

By means of merging, subpopulations become better and better separated with each iteration
and the population size is reduced in a way that preserves the position of each subpopulation. The
interplay between merging and mating regions strongly impacts convergence properties: a large
merging radius leads to the deletion of potential mates of the surviving individuals and thus blocks
crossover. Therefore, it is usually chosen to be much smaller than the mating area. Along with
separation, the worse individuals are removed step by step, and the process gradually transforms
from a globally—oriented population—-based to a parallel local search technique. Therefore, in
the end of the evolution, only one individual remains connected to every optimum. Each such
individual now corresponds to a single hill-climber that only uses mutation as variation operator.

Figure 3.3 illustrates the GC radii-based mating and merging, while Algorithm 8 outlines the
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pseudo-code.

GC is able to concentrate search on many basins of attraction in parallel, so that several
optima are found simultaneously. The evolutionary process takes place as follows. First, the
initial population is randomly generated. Next, every individual is taken into account in the
forming of the new generation; mating regions around each individual are determined by a radius.
Therefore, only neighbouring individuals are recombined. When no mate is found in the mating
region of the current individual, the latter produces one offspring by mutation, with a step size
that still keeps the descendant in the mating region of its parent. If there is more than one
individual near the current, the mate is determined using proportional selection. Then, if the
offspring has better fitness than the current individual, it replaces the latter in the population.

By reducing the potential partners for crossover of an individual to those lying in its mating
region, only individuals that are close to each other recombine, favouring the appearance and
maintenance of subpopulations. Offspring replaces the current individual only if fitter. Thus,
after a few generations, the candidate solutions will concentrate on the most promising regions of

the search space, i.e. those connected to the optima.

Algorithm 8 GC algorithm

Require: A search/optimization problem

Ensure: The set of solutions corresponding each to an optimum
begin
t = 0;
initialize population P(t);
repeat
evaluate each individual;
for all individuals ¢ in the population do
if mating region of ¢ is empty then
apply mutation to ¢;
if obtained individual is fitter than ¢ then
replace c;
end if
else
choose one individual from the mating region of ¢ for crossover by proportional selection;
obtain and evaluate one offspring;
if the offspring has better fitness than ¢ then
replace ¢
end if
end if
end for
merging;
t=1t+ 1,
until stop condition
return obtained solutions

end
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Figure 3.3: Mating (left) and merging (right) within GC. Individual ¢ produces one offspring by mutation;
individual ¢2 selects another individual from its mating region (dotted circle) and produces one offspring
by recombination. Crossed lines indicate replaced individuals with worse fitness. During merging, c2 is

deleted because there is another individual with better fitness in its merging region (solid circle).

Merging is an original and very useful operator as it leads to a better computational time,
since, by reducing the size of the population, less fitness evaluations are necessary. Consequently,
subpopulations independently evolve and become better separated with each iteration and lead,
at convergence, each one to an optimum.

GC proved to be very successful in application to function optimization, clustering and clas-
sification. However, it makes use of two parameters like the mating and merging radii which are,
for some problems, hard to parameterize. Nevertheless if the mating parameter is computed using
the Deb and Goldberg [Deb and Goldberg, 1989] formula (3.4) and smaller values, as compared to

it, are tried for the merging radius, one could reach configurations that provide consistent results.

3.6.2 Multinational Algorithms

The technique [Ursem, 1999], [Ursem, 2000] has a very interesting working metaphor: the whole
population represents a world and each subpopulation is called a nation; each nation has a gov-
ernment which contains its fittest individuals, referred to as politicians. They define the policy
of the nation, which is in fact the centroid of these individuals. Initially, the world consists of
a single nation. Then, the governments and, as a consequence, the policies are useful for the
differentiation and the dynamics of the subpopulations.

The multinational idea is achieved through two mechanisms: migration and merging. Within
every generation, each individual is compared to the policy of the nation it belongs to. If the two
follow different optima, then the former migrates to a nation whose policy is tracking the same
peak as itself. If there exist no such nation, then the individual forms a new nation, corresponding
to a potentially new peak. Conversely, also at every generation, the policies of each nation are
checked two by two to ensure that they do not track the same optimum; if this is the case, then
the two subpopulations are merged.

Selection can be performed on two levels: either within each subpopulation or in a global but
weighted fashion, i.e. the fitness of an individual is divided by the number of members in its

corresponding nation, in a fashion that resembles sharing. Finally, crossover is performed only
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between individuals of the same nation, as the combination of the genetic material of points that
track different optima may lead to the appearance of offspring that are less fit than the parents.
It is assumed that mutation is also restricted to each nation, i.e. the offspring is accepted only if
it remains within the premises.

The verification of the relationship between two points in the search space, i.e. of the assump-
tion that they track the same optimum, is performed through an approach called the hill-valley
mechanism. The function takes two individuals (points) as arguments and returns whether or not
there is a valley between them in the fitness landscape, i.e. they track different optima. In order
to reach that decision, a set of interior points between the two, based on user-defined gradations
in the [0,1] interval, is generated. If the fitness of all interior points is higher than the minimal
fitness of the two tested individuals, then it is concluded that they track the same optimum.
Contrarily, if there exist such a point whose fitness is smaller than the minimal fitness of the two,
then it is assessed that they follow different peaks. To conclude, hill-valley returns true if the two
points follow different optima and false if they follow the same peak. The mechanism is described

in Algorithm 9. The fitness evaluation of the individual z is denoted by f(z).

Algorithm 9 The hill-valley mechanism between two individuals = and y
Require: Two individuals, x and y

Ensure: true, if z and y follow different optima and false otherwise
begin
1 =1;
found = FALSE;
while i < number of gradations and not found do
for j = 1 to number of dimensions do
interior; = x; + (y; — ;) - gradation;;
end for
if f(interior) < min(f(x), f(y)) then
found = TRUE;
end if
end while
return found

end

An important advantage of this manner of detecting multi-modality is that a certain optimum
is tracked by a single subpopulation, whereas the radii-based mechanisms usually allow the exis-
tence of several subpopulations that follow the same peak. The great disadvantage of the method

is that it is very expensive with respect to the number of used fitness evaluations.

3.7 Summary

In this chapter, the most important and some of the newly developed evolutionary techniques for

multi-modal optimization are presented. The chapter can be summarized as follows:



CHAPTER 3. EVOLUTIONARY MULTI-MODALITY 32

A description of the multi-modal optimization concept, along with the motivation for having

diversity in the population of candidate solutions, are first envisaged.

Techniques that have a modified fitness function, like fitness sharing and cooperative coevo-

lution are then presented.

Methods that are based on topological arrangements of the population, in which interactions
are restricted only to groups of individuals (subpopulations) are shown: There are examples
of classical techniques like the island or the diffusion models or, more recently developed

ones, like the religion-based EA or the multipopulation differential evolution.

Replacement schemes are then outlined: Cavicchio’s preselection is mentioned, but the

presentation is more oriented on De Jong’s crowding.

The division of the search space, based on the distances between individuals or just start-
ing from the fitness landscape topology, is then presented. Several radii-based evolutionary
techniques are described and the multinational algorithm is outlined as a technique that
takes into consideration only the fitness landscape when separating individuals into subpop-

ulations.



CHAPTER 4

NEW VARIANTS WITHIN THE GENETIC

CHROMODYNAMICS FRAMEWORK

4.1 Objectives of this Chapter

The chapter proposes a new enhanced technique within the Genetic Chromodynamics (GC)
framework that speeds up convergence and, at the same time, looks into the search space for
more accurate approximations of the solutions. The new technique is applied herein for func-
tion optimization and results obtained are compared with those of the classical method in the GC
framework and with those of other models applied for the optimization of the considered functions
[Stoean et al., 2005¢], [Stoean and Dumitrescu, 2005b], [Stoean et al., 2005a].

A second method within the GC framework is discussed; it introduces new copies of the
fitter individuals into the population (a process of cloning), a concept depicted from the theory
of artificial immune systems; a better exploitation of the search space is thus conducted. The
method provided fine results for function optimization [Stoean and Dumitrescu, 2005a],

[Stoean and Dumitrescu, 2005b].

4.2 A Crowding Procedure within Genetic Chromodynamics

Belonging to the family of radii-based multi-modal evolutionary frameworks, GC [Dumitrescu, 2000b]
has recently proven to be a very powerful optimization tool [Dumitrescu, 2004],
[Gorunescu and Millard, 2004], [Stoean et al., 2004b], [Dumitrescu and Stoean, 2006a],
[Dumitrescu and Stoean, 2006b]. Recall that, as discussed in chapter 3, GC builds and maintains
subpopulations, corresponding each to a global/local optimum of the problem, through the use
of a stepping stone search mechanism and a local interaction principle, as selection for reproduc-
tion. Selection for replacement takes place between the resulting offspring and the current stone
individual. A merging operator is used to achieve decrease in the number of individuals.

The work presented here goes further in the development of another EA within this framework.
The selection for replacement strategy used in the new technique is generational. In contrast to

the stepping stone mechanism, the first parent is selected randomly. The offspring obtained after

33
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recombination does not replace any of the parents particularly, but the worst individual (with
respect to fitness values) within its replacement radius, a new parameter of the method. The local
interaction principle and merging still hold.

The reason for creating the new method was that of preserving the ability of GC to properly
locate several or all optima within one go and additionally speed up this process. The new model
always achieves the first goal, the second one being accomplished for more complex problems (for
instance, for higher dimensional problems).

In the proposed novel technique, the original scheme was modified in order to achieve increased
convergence speed based on a better exploitation of the search space. That is obtained especially
through the way in which the offspring resulting from recombination enters the population. It does
not replace the first parent, but the worst individual in its replacement radius. Therefore, weak
individuals are removed more aggressively (alongside with the effect merging has in this respect)
from the current population. For this reason, the stepping stone principle is not applied here,
but n (where n is the population size) random individuals are selected instead. Now individuals
may be replaced by some offspring without ever being selected for recombination. An important
aspect of the method is the choice of the replacement radius value. If picked properly, this new
parameter may lead to improved convergence speed.

Selection for replacement adopts a generational scheme, as already stated. As the effect of
quasi-generational survival selection, used by the classical GC, can be noticed only when another
stepping-stone does not find the initial individual in its mating region but sees the offspring
instead, the new technique is totally generational. This means that the offspring that replaces
its parent might be selected for reproduction many times in the same generation or might vanish
within that generation. Thus, the generational scheme leads to increased exploitation.

The local interaction, recombination, mutation and merging principles still hold. Radii-based
evolution in the new context of GC with crowding [Stoean et al., 2005¢|, [Stoean et al., 2005a] is

depicted in Figure 4.1 and the complete method is outlined in Algorithm 10.

Figure 4.1: Mating (left) and merging (right) within GC with crowding. As in figure 3.3, c¢1 and
c2 each produce one offspring. This time, the second offspring replaces its other parent because
the latter is the worst individual in its replacement region. During merging, two individuals are

removed, c2 and one offspring, because now three individuals are within merging radius from c2.
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Algorithm 10 GC with crowding

Require: A search/optimization problem
Ensure: The set of solutions corresponding each to one local/global optimum of the problem
begin
t=0;
initialize population P(t);
repeat
evaluate each individual;
fori =1tondo
randomly choose an individual c¢;
if mating region of ¢ is empty then
apply mutation to ¢;
if obtained individual is fitter than ¢ then
replace c;
end if
else
choose one individual from the mating region of ¢ for recombination by proportional selection;
obtain and evaluate one offspring d;
find worst individual w within replacement radius of d;
if d has better fitness than w then
replace w;
end if
end if
end for
merging is applied to all individuals;
t=t+ 1;
until stop condition
return obtained solutions

end

{Remark: The offspring d obtained after recombination can replace an individual that does not belong to

any of the mating regions of its parents, thus performing faster separation of individuals into clusters.}
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4.3 Application to Function Optimization

The proposed technique was tested on three bi-dimensional functions and an n-dimensional one (n
= 100 was considered as the upper bound) and obtained results indicate that it has good accuracy,
stability, low computational time and thus provides a good method for multi-modal function
optimization. Results in this section are reported in [Stoean et al., 2005c], [Stoean et al., 2005a]

and [Stoean and Dumitrescu, 2005b].

4.3.1 Benchmark Functions

The functions are selected in such a manner that they have several characteristics and, therefore,
several abilities of the evolutionary technique are tested. The considered functions are the six-
hump camel back, Schaffer and Himmelblau that are two-dimensional and Schwefel function for
which up to 100 variables are considered. First function tests the technique’s ability to find and
maintain two global optima and four local ones, while for Himmelblau function four global optima
that are located on an almost plate platform have to be reached. Only one global optimum, but
out of a multitude of local optima, has to be found for both Schaffer and Schwefel functions.
As it is usually stated that radii-based evolutionary techniques do not perform well for higher
dimensions, the method is tested for the Schwefel function for up to 100 variables. For more

details regarding the considered functions, see Appendix A.

4.3.2 Task

The primal task of the experiments is to test the crowding GC technique in solving the optimiza-
tion problems by making use of parameters that are empirically found. Direct comparison to the
original GC method, as well as to other techniques that were tested on the same optimization
problems is undertaken.

In order to strengthen the assumption that for the tested high dimensional problem, crowd-
ing GC is really faster than the original GC model, a second task is considered, that of ap-
plying a recent parameter tuning method named Sequential Parameter Optimization (SPO)
[Bartz-Beielstein et al., 2004a], [Bartz-Beielstein, 2005], [Bartz-Beielstein, 2006], with the pur-
pose of having an objective comparison. SPO builds on a quadratic regression model, supported
by Latin Hypercube Sampling (LHS) and noise reduction, by an incrementally increased repetition

of runs.

4.3.3 Experimental Setup

Table 4.1 contains the empirically determined crowding GC parameter values for the four func-
tions. Mutation with normal perturbation was used in all cases; a value of the gene ¢ of an

individual P is changed according to (4.1)

Py =P, + R-ms, (4.1)
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where R is a random number with normal distribution and ms is the mutation strength parameter.
The value of the mutation strength directly depends on the size of the interval and implicitly on
search space size. In case of the Schwefel function, a higher mutation strength was chosen in
the beginning, to escape local optima. The value was afterwards decreased by n/100 every 100
generations, where n represents the number of dimensions. The values for mating and merging
radii are chosen in the same manner, thus depending on the search space size. The last parameter
from Table 4.1 gives the number of generations without any improvement which is necessary to
determine the termination of the algorithm. For the Schaffer and Schwefel functions, the stop
condition was established to be the moment when the technique achieves the desired accuracy
because only the global optimum had to be determined.

Intermediate recombination was used — having two randomly selected parents P and @, the

value of a gene i of the offspring O is obtained according to (4.2)
O;i =P+ R-(Qi — P), (4.2)

where R is a uniformly distributed random number over [0, 1].

Table 4.1: Parameters of the method for all functions.

Parameters Six-hump camel back Schaffer Himmelblau Schwefel
Population size 100 2000 150 500
Mutation strength 0.1 0.1 0.5 25n
Mating radius 0.14 0.1 2 15n
Replacement radius 0.1 0.1 2 15n
Merging radius 0.14 0.1 0.02 12n
Mutation probability 0.4 0.4 0.4 0.4
No improvement times 100 = 50 =

For each test function, there are reported the accuracy on which the optima, global and local
where necessary, are found, the success rate and the mean of the fitness evaluations. The success
rate is computed as the ratio between the number of cases when all optima have been located

with the desired accuracy and the total number of runs.

4.3.4 Results and Visualization

For the six-hump camel back function, [Lee and Roh, 2002] use several techniques (a genetic al-
gorithm using gradient information, a local optimization method, a multi-start local optimization
method and a conventional GA), but each time only one local or global optimum was detected
with an accuracy of € = 1073, Because of lack of information, direct comparisons to the GC tech-
niques could not be conducted. In Table 4.2, results obtained by the original GC model, the one
with crowding and three approaches presented in [Zaharie, 2004a]: Crowding based differential
evolution (CDE), multiresolution multipopulation differential evolution (MMDE) and multipop-
ulation crowding differential evolution (MCDE). For these the local optima accuracies are not

specified. Although the number of generations in GC with crowding was lower than that in the
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classical model of GC, the number of evaluations in the novel technique was a little higher; the

explanation is that after each recombination, there are some more evaluations that are performed

for all individuals in the replacement area of the offspring. To conclude, the two related techniques

perform in a very similar manner for this function.

Table 4.2: Comparisons between GC and crowding GC for Six-Hump Camel Back function.

Crowding GC

Measures CDE and MCDE MMDE GC
No. of runs 30 30 30
Acc. global opt. 1075 105 1075
Acc. local opt. = = 1074
Success rate 100% 100% 100%
Mean eval calls 62 645 14 610 19 923

30
1075
1074
100%
19 980

For Schaffer function the parameters are chosen such that the entire search space was covered

because the global optimum is surrounded by a high number of local optima that have a very

close fitness. As noticeable from Table 4.3, the original GC model, although performing well,

needs many more evaluations than GC with crowding.

Table 4.3: Performance of the original and the newly proposed GC on Schaffer function.

Crowding GC

Results GC
No. of runs 30
Accuracy global optimum 1076
Success rate 100%
Mean eval calls 658 211

30
1076
100%
349 712

In [Beasley et al., 1993], the Himmelblau function was tested using a sequential niche tech-

nique; again, obtained results cannot be directly compared with those obtained by both GC

techniques due to the fact that, in order to detect all the four optima, several runs (6.1, on av-

erage) of sequential niching were necessary. Additionally, the desired accuracy was not specified.

Using the newly proposed technique, all four optima are detected for each of the 30 runs with the

accuracy € = 107°. A performance comparison between both GC techniques is given in Table 4.4.

Table 4.4: Performance comparison between GC and crowding GC on Himmelblau function.

Crowding GC

Measures GC
No. of runs 30
Accuracy global optima 1074
Success rate 100%
Mean eval calls 87 307

30
1074
100%
97 817

The aim for the Schwefel function is to find the global optimum f4(Z) = 418.9829n. In this

paper, fi was considered in turn for n = 1,2,...,100. Although radii-based EAs usually have

difficulties with high-dimensional test problems, the proposed technique detects the optimum

with an accuracy of € = 1072, even for n = 100, in all 100 runs, but only after a high number of
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fitness evaluations. The accuracy improves with the decrease in the number of dimensions.

The Schwefel function was also tested with the original GC model which detected the optimum
for n = 100 with similar accuracy, but needed even more fitness evaluations than crowding GC.
Table 4.5 presents a comparison of both techniques and different performance measures for n =
10 and € = 1072

Table 4.5: GC and crowding GC performance on Schwefel function when n=10.

Numerical results GC Crowding GC
No. of runs 30 30
Average evaluations to solution 1 819 593 1 545 752
Mean generations 48 747 39 043
Mean best fitness 4189.827822 4189.827956

Results for the Schwefel function are compared to those in [Gordon and Whitley, 1993]. In
the latter, authors presented the behavior of four global EAs, four island algorithms and one
cellular algorithm on the shifted Schwefel function with n = 1,2,...;10. In the first category,
a simple genetic algorithm (SGA), an elitist SGA (ESGA), the parallel CHC (pCHC) and the
Genitor algorithm are present. The second category contain Island-SGA (I-SGA), Island Elitist
SGA (I-ESGA), Island-pCHC (I-pCHC) and Island-Genitor (I-Genitor). The techniques are run
for a set number of generations and the number of runs (out of 30) in which the global optimum
is found (denoted by ns) is reported, along with the mean best fitness of the 30 runs (denoted by
MBF in Table 4.6). Note that fitness values are normalized so that the global optimum is 0.0.

Table 4.6: Performance of different evolutionary techniques on Schwefel function, as reported by
[Gordon and Whitley, 1993].

Technique Ns f4s MBF
SGA 0 17.4
ESGA 16 17.3
pCHC 15 5.9
Genitor 20 13.2
I-SGA 9 6.5
I-ESGA 13 2.6
I-pCHC 28 0.2
I-Genitor 24 0.9
Cellular 26 0.7

Returning to the novel approach, the replacement radius for a given individual is generally
chosen to be equal to the mating value of that individual. However, for problems with large
plateaus in the fitness landscape, by choosing a different value for the replacement from that of

the mating radius, faster convergence can be achieved (see Tables 4.5 and 4.1 vs. Table 4.7 for
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Table 4.7: Method design for optimizing the 10-dimensional Schwefel function with GC and
crowding GC. The two last columns give the best found configurations, the last lines the resulting

AES measures with standard deviations.

Parameter name N/R Min Max GC Crowding GC
Population size N 10 500 10 13
Mating radius Ry 0.01 5.0 3.6752 2.9366
Replacement radius Ry 0.01 5.0 = 4.748
Merging radius R 0.01 5.0 1.275 3.9197
Mutation strength Ry 1.0 250.0 238.45 231.08
Mutation prob. Ry 0.0 1.0 0.6185 0.8575
Mutation scaledown N 10 1000 368 625
No improv. times N 1 200 167 46
AES, 32 runs = = -  1.69E+5 1.45E+5
AES standard dev. = = - 5.92E+4 3.63E+4

Schwefel function). On the other hand, for problems with very close optima, its value must be
again chosen as not equal to the mating radius (see Six-hump camel back function in table 4.1),
in order to obtain all optima.

SPO was firstly employed in order to tune the parameters for the 10 dimensional Schwefel
function. It was run for 6 steps with an initial design size of 50, adding up to a total of around
850 runs (table 4.7). The response value Y (quality criterion) was set to the average number of

evaluations (AES) until reaching the global optimum with accuracy 1072

4.3.5 Observations

Results show that for both techniques, the AES decreased considerably, to ~ 10% of the original
values reported in Table 4.5. A t-test confirms that the true means for GC and crowding GC are
different with 95% confidence (p-value 0.036), so that we conclude that the new GC technique is
indeed faster on this problem. However, the difference is quite small — around 15% — and may be
statistically significant, but of little importance for practical uses. Surprisingly, many optimized
parameter values are very similar for both techniques, e.g. number of individuals, mating radius,
and the mutation strength and probability. In contrast to that, the merging radii are chosen
differently; larger than the mating radius for crowding GC, and smaller for GC. Nevertheless,
other good configurations found during tuning indicate that smaller merging radii also work for
GC with crowding.

From these first results, and supported by our previous findings, we learnt that crowding GC
may be advantageous for higher dimensional problems. Consequently, a second comparison for
the same test function in 20 dimensions was performed, this time allowing for larger radius values.
The outcome (Table 4.8) unambiguously favours crowding GC over GC, thereby validating our
assumption. However, the maximum radii tested may still be too small; increasing them may lead

to even better speedup.
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Table 4.8: Method design for optimizing the 20 dimensional Schwefel function with GC and

crowding GC; the maximum radii are increased compared to Table 4.7.

Parameter name N/R Min Max GC Crowding GC
Population size N 10 500 24 10
Mating radius Ry 0.01 15.0 11.695 11.02
Replacement radius Ry 0.01 15.0 = 9.6561
Merging radius Ry 0.01 15.0 14.768 3.81
Mutation strength Ry 1.0 250.0 242.16 237.43
Mutation prob. Ry 0.0 1.0 0.6705 0.6185
Mutation scaledown N 10 1000 269 368
No improv. times N 1 200 8 167
AES, 32 runs - = - 3.32E45 1.07E+5
AES standard dev. = = -  1.10E+5 2.26E+4

4.3.6 Conclusions

Through the increased exploitative nature of GC with crowding, it seems that a better equilibrium
between exploration and exploitation, than that of the standard GC technique is established. This
leads to two advantages in using crowding GC.

First, the novel approach proves to be very accurate and stable in very hard multi-modal
conditions. A first situation is that of the difficulty in locating the local optima, e.g., the Six-
Hump Camel Back function. Another hard configuration would be very distant optima, e.g. the
Schwefel function, where other techniques often miss the global optimum. Another issue is having
more global optima which are not easily distinguishable in the fitness landscape, like in the case of
the Himmelblau function. An even harder case is that of local optima lying too close to the global
optimum - where an EA usually experiences the problem of getting stuck into a local optimum.
This is the case with the Schaffer function. Several EAs fail in some of these cases, several in
other cases. The classical GC model, on the other hand, also performs well in this respect, but
its speed of convergence is not very good for functions with many local optima very near to the
global optimum, e.g. the Schaffer function and, especially in the case of more complex problems
(n-dimensional problems), e.g. the Schwefel function.

As the question of computational time arises, for many low-dimensional multi-modal functions,
both techniques are surely not competitive to other, namely non-evolutionary algorithms. For the
other cases, i.e. almost indistinguishable local optima and global optima and high n-dimensional
function optimization, for instance, both GC techniques perform accurate and stable, however,
crowding GC is significantly faster.

Another important feature of proposed method is the new parameter, the replacement radius.
Together with the generational scheme, it seems to have brought more power to crowding GC.
For instance, for the Schwefel function, where the optima are far from each other, this parameter
promotes rapid movement of the individuals through the search space. In the Six-Hump Camel

Back function, where the optima are very close to each other, the parameter is responsible for the
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small steps necessary not to escape them. Parameter tuning methods as the employed SPO can

help to exploit the newly added potential.

4.4 Cloning within Genetic Chromodynamics

A cloning procedure is introduced within the GC with crowding method (Algorithm 11) in order
to force a better exploration of the search space near the optima; this is done by introducing more
copies of an individual connected to a current optimum and applying mutation to all of them.
The individuals obtained after mutation that are better than the initial one are introduced in the
next generation. Through this way of retaining only better individuals, exploitation of the search
space is also conducted.

Cloning draws its roots from the theory of artificial immune systems ([de Castro and Zuben, 2002],
[Dasgupta, 1999]). In the crowding GC technique, cloning appears if there is no individual left in
the mating region of the current chromosome. Thus, new individuals can appear in the population
of the next generation and will be in the same mating region; therefore recombination will take

place for the current individual again.

Algorithm 11 Cloning mechanism
Require: A current individual

Ensure: A number of mutated clones for the individual
begin
an individual is considered to be the current one;
a fixed number of clones (copies) of the current individual is considered;
mutation is applied to all copies;
mutated copies are evaluated and all individuals that have a higher value for the fitness function than
the one of the current individual are introduced in the population of the next generation;
return mutated clones

end

In the GC with crowding method, when an individual remains alone in a region, meaning that
there is no other individual in its mating area, mutation is applied to it until the algorithm finally
stops; this leads to a very high number of mutations applied to that chromosome. By introducing
new individuals that are in the same mating region with the first individual, recombination will

resume and take place between them and the convergence process will be sped up.

4.5 Reapplication to Function Optimization

The method is applied to function optimization and the considered functions are the three regular
multi-modal, two-dimensional functions that were described before, i.e. Six-Hump Camel Back,
Schaffer and Himmelblau. Performance comparison is conducted between the results obtained by

GC with cloning and those of crowding GC. For each of the three test functions, each algorithm is
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Table 4.9: Results obtained for the Six-Hump Camel Back function in 10 runs using GC with

cloning.
Technique SR Accuracy Mutations Rec  Gen  Evals
Global Local
Crowding GC 100 107° 10~4 8 393 215 563 20 208
GC, 1 clone 100 107° 10~ 9 759 2711 408 66 204
GG, 2 clones 100 107° 107* 11 925 4071 359 98 341

Table 4.10: Results obtained for the Schaffer function in 10 runs using GC with cloning.

Technique SR Accuracy Mutations Rec  Gen Evals

Crowding GC 100 10~° 30 269 959 137 390 002
GC, 1 clone 100 1076 3 388 5239 60 267 136
GC, 2 clones 100 107° 3 659 6 800 53 381116
GC, 3 clones 100 107° 3 828 7163 24 439 627
GC, 4 clones 100 1076 4 461 8190 39 579 287

run 10 times. The experimental setup was created in this way with the purpose of an immediate
observation upon the presence or absence of an enhancement targeted by the better exploration.

The numerical results for the Six-hump camel back function are outlined in Table 4.9. Mu-
tations represent the mean number of times out of ten runs when mutation was applied. It is
obvious that when having more clones, mutation is applied more frequently and, at the same time,
there are more evaluations for the mutated clones; evaluations are less in the rest of the algorithm,
because the convergence process is faster. Rec, gen and evals represent the mean values obtained
after 10 runs for the recombinations, number of generations and number of fitness evaluations,
respectively.

As the number of fitness evaluations was increasing very fast depending on the number of the
clones, experiments are carried out only for two clones, at the most. The accuracy refers to the
global and the local optima, respectively.

GC with cloning was applied for Schaffer function using from one to four clones. In Table 4.10,
one can clearly see that, in GC with crowding, mutations perform along the entire search process,
while by using one or two clones within the initial proposed technique, results are considerably
improved by reintroducing recombination.

The results by the application of the GC with cloning technique on the Himmelblau function
are illustrated in Table 4.11. Again, the inclusion of the cloning mechanism makes the technique
reach the solutions with the same accuracy as crowding GC, but with a lower expense.

It is mostly the Schaffer function optimization that underlines the major difference between
crowding GC and that which includes the cloning procedure; this leads to the conclusion that

when having very close optima and fine tuning is necessary, cloning within crowding GC is a very
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Table 4.11: Results obtained for the Himmelblau function in 10 runs using GC with cloning.

Technique SR Accuracy Mutations Rec Gen Evals

Crowding GC 100 1074 771 619 189 104 033
GC, 1 clone 100 1074 1 456 642 185 98 378
GC, 2 clones 100 10~* 2 176 702 184 100 737
GC, 3 clones 100 1074 2 894 720 187 102 459
GC, 4 clones 100 1074 3 696 681 190 101 936

good alternative.

4.6 Summary

In this section, two viable alternatives to the original GC technique are proposed. A crowding
procedure is suggested for the integration of the offspring obtained after recombination, fact that
also changes the way individuals are selected: They cannot each be considered in turn anymore,
like in the original GC, because some might vanish prior to that, but they are instead randomly
selected from the continually changing population. The goal of the technique was to maintain the
ability of the original GC technique to find and preserve the global/local optima and additionally
speed up the process. The experiments on function optimization proved that this is possible and
happens especially for highly multi-modal problems and larger number of dimensions.

The second presented approach is constructed on the basis of the first one and it presumes
the variation of the population size not only by merging, but also by adding new candidate
solutions when subpopulations contain only single individuals. Clones of the single individuals
are introduced only as long as fitter solutions may be found, therefore the danger of an uncontrolled
population growth cannot exist: The introduced clones suffer mutation and, in case the offspring
is not better than the parent, they do not enter the population; thus subpopulations can grow
only until the optimum is reached. On the other hand, merging is also responsible for continually

reducing the population.

4.7 Future Work

The major weakness of the GC techniques lies in the need to find proper values for mating,
merging and replacement radii. Radii self-adaptation is one of the main goals of future work.
Another goal would be to try a non-generational selection for replacement strategy instead of the
one that is used and see whether is performs better or worse. A third goal would be to test if
GC technique can be combined successfully with birth surplus-driven selection schemes as known

from evolution strategies.



CHAPTER 5

GENETIC CHROMODYNAMICS FOR
CLASSIFICATION

5.1 Objectives of this Chapter

Current chapter aims to seek the means to use multi-modal techniques towards the solving of
real-world tasks such as the development of simple and efficient classification techniques. In
this respect, it starts with a short presentation of the concepts involved within the design of an
evolutionary classifier, in order to subsequently introduce, in section 5.3, a recently developed
classification technique based on the previously addressed GC; differences between a classical evo-
lutionary classifier and the new one are properly outlined. All the necessary steps in applying the
new classifier to a categorization problem are presented in detail [Stoean, 2004b], [Stoean, 2004c];
then, GC is replaced by the novel crowding variant which previously proved to be more efficient
when dealing with multidimensional problems as it is also the case with classification. The new
classifier holding the crowding GC mechanism is applied for two benchmark data sets and re-
sults demonstrated to be very encouraging [Stoean et al., 2005¢], [Stoean and Dumitrescu, 2006],
[Stoean and Dumitrescu, 2005c].

Finally, ideas of the way in which proposed classifier might be improved are discussed.

5.2 Other Evolutionary Classifiers

An evolutionary classifier represents a machine learning system that uses an EA as a rule discovery
component [Dumitrescu, 2000a], [Michalewicz, 1996]. The rules (or productions, which are simple
if-then rules) represent a population that is evolved by an appropriate EA; the rules cover the
space of possible inputs and are evolved in order to successfully be applied to the problem to
be solved — the problems may range from data mining to robotics. On a broader sense, an
evolutionary classification technique is concerned with the discovery of if-then rules that reproduce
the correspondence between given samples and corresponding classes. Given an initial set of
training samples, the system learns the patterns, i.e. evolves the classification rules, which are

then expected to predict the class of new examples. An if-then rule is imagined as a first-order logic

45
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implication where the condition part is made of attributes and the conclusion part is represented
by the class.

There are two important families of evolutionary classifiers: The Pittsburgh and Michigan
approaches. In a Pittsburgh-type evolutionary classifier [Michalewicz, 1996], each individual rep-
resents an entire set of rules. The individuals compete among themselves and only the strong
ones survive and reproduce. The Pittsburgh approach uses a typical EA for the learning problem.
What remains to be solved is the representation problem and the way individuals adapt to their
environment. Usually, within a chromosome there also appear operators from propositional logic,
like disjunction and/or conjunction.

In a Michigan-style evolutionary classifier [Holland, 1986], each individual of the population
represents a unique, distinct rule, so the EA evolves a set of rules; the population represents the
rule set needed to solve the problem. The goal here is not to obtain the best individual, but
to find the best set of individuals (rules) in the end of the algorithm. Usually, chromosomes
representation is divided into two parts — one is the condition part and contains the values for the
attributes that appear in the condition of the rule and the other part consists of the conclusion
of the rule. A credit assignment system is used in order to reward the better rules or, at the
same time, to penalise the worse ones. When new entities (rules) enter the population through
mutation and/or recombination, usually crowding methods are utilised in order to introduce them;
in this way, they replace only very similar individuals in the population.

On a different level, by drifting away from the strict meaning of an evolutionary classifier, other
approaches to classification that involve EAs can be mentioned. An automated classification by
means of evolutionary programming, with the purpose of determining both the optimum number of
classes and membership, is discussed in [Luchian et al., 1994]. Hybridization with neural networks
[Yao and Liu, 1997] or support vector machines [Stoean et al., 2007d], [Stoean et al., 2007c| are
envisaged in the same respect.

Both classical evolutionary classifiers are somewhat complicated, one due to the intricate
chromosome representation, while the other because of the demanding credit assignment system.
As a consequence, section 5.3 presents a novel evolutionary classifier based on the Michigan
approach which, instead of using a typical EA accompanied by the necessary credit assignment
system, employs the GC technique described in chapter 3, resulting in a simpler alternative. The

new classifier is outlined in application to the difficult problem of text categorization.

5.3 Text Categorization

The texts that are considered for classification are e-mail messages and the two classes of catego-
rization represent unsolicited, commercial e-mails (that will be called spam in current chapter) on
the one hand, and regular e-mails (also called ham), on the other hand. For more details about
the considered data set, see Appendix B, section B.4.

Spam e-mails represent big trouble for common Internet users and cost big companies billions
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of dollars annually because of employees loss of productivity. There are laws against spam, but
nobody knows how to enforce them. It is up to the Internet users to get rid of this problem.
Thus, good filters have to be built for labelling e-mails, based on their content, as being either
Spam Or non-spam.

Some efficient filters that have been built so far generally use Naive Bayes engines [Graham, 2002],
boosting algorithms [Nicholas, 2003] or pure machine learning techniques [Stoean, 2004b],
[Stoean, 2004a].

5.3.1 Keywords Extraction

An e-mail is regarded as a bag of words; an important problem to be solved lies in obtaining
a subset of these words that can characterize that e-mail and, implicitly, the category it has
assigned.

In conclusion, special keywords have to be extracted for each one of the two categories; they
are, of course, taken from e-mails in the training set. For a category, the keywords are taken to
be words that appear often in e-mails from that category and rarely in e-mails from the opposite
category. To accomplish that, weights for each word appearing in e-mails from the training set
with respect to their categories (spam or non-spam) are computed.

First of all, some pre-processing needs to be done to all e-mails, be that they are from the
training or test set; that means punctuation and HTML tags are removed and each remaining
word is reduced to a word-stem?.

Each e-mail will be further on represented as two vectors, one containing the word-stems
remained after pre-processing, taken only one time, and the other one containing the number
of occurrences of each word-stem in that e-mail, divided by the total number of word-stems the
considered e-mail has [Stoean, 2004b], [Stoean, 2004a], [Stoean, 2004c]. This representation has
to be obtained for all e-mails in the test collection.

Subsequently, one has to compute how important word-stems are for a category with respect
to the other category; in order to achieve that, for each category, all word-stems in e-mails from
the training set that have that category assigned are gathered in a large vector of word-stems. The
weights of each word-stem from these e-mails are summed and thus, the second vector, containing
weights for word-stems, is obtained.

Same representation has to be obtained for both categories, therefore the following vectors are
constructed [Stoean, 2004b], [Stoean, 2004a], [Stoean, 2004c]:

WS = (wsy,...,wsp) and OS = (0s1, ..., 05p)

for spam, and

WH = (why, ...,why) and OH = (ohy, ..., 0hy)

1A word-stem is obtained from a word by cutting its suffixes and prefixes; a word-stem represents the root of

the word. For instance, the word-stem for the word removing is remov.
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for non — spam.

Of course, the number of common terms of the two categories is high: these terms have to be
penalized, as they are not very much specific to only one of the two categories. That is the reason
why their weights are modified for each category with respect to the weights of the same terms
in the other category [Stoean, 2004b], [Stoean, 2004c] (5.1).

08; ohy,
; Oh;“: 1+ o0s;
J

0s’ (5.1)

i1+ ohy,

where ws; = why, 7 =1, ...,pand k =1, ..., q.

Only the most important n word-stems for each of the two categories are considered: for each
category, they are taken to be the n word-stems that have the highest values for their weights
with respect to the weights of all word-stems in that category. Therefore, 2n word-stems are
considered, n from spam and n from the non-spam category. These keywords are further on used
to represent e-mails in the training and test set ([Stoean et al., 2004a], [Stoean et al., 2004b],
[Stoean et al., 2005b]).

5.3.2 Genetic Chromodynamics Approach to the Spam Filtering Problem

Let m denote the number of e-mails in the training set and let v be their set, v = {v1,..., v}
Furthermore, let D be the interval from 0 to the average weight of the word-stems in the training
set.

Each individual ¢ represents a rule; it is encoded as a list of real numbers of the following form
(5.2).

(a1, ...,a2p) : b, (5.2)

where a1, ..., a, represent the weights of the spam keywords and a,, 41, ..., a2, the weights of the
non-spam keywords. b represents the outcome and thus it is either 0 (spam) or 1 (non-spam). An
individual is encoded thus in the same manner as all e-mails in the test collection, after keywords
extraction.

An individual gives the threshold behind which an e-mail can be labeled as either spam or

non-spam.
Initial population

The initial population represents the initial set of rules. Let us denote by s its initial size.

The values of the genes are obtained by uniformly generating random numbers in D. Taking
the average of the weights of the word-stems as the second extremity of the interval D appeared
to be a better choice than the upper bound of the domain of weights, because there are very
few maximum values; these would have made the system search also in those few spaces that

contained high values and thus consume too much time just to figure out in the end that these
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values could not have become thresholds of decision.
Fitness assignment

Let x = (a1, ...,a9y,) : by and y = (c1, ..., Can) : ba, where by, by € {0,1} two entities of the form

(5.2). Manhattan distance is chosen to compute the difference between = and y:

d(z,y) = 37 lai — ¢

The fitness evaluation of a given chromosome ¢ minimizes the distance between the weights of
that chromosome and the weights of the selected keywords from all e-mails in the training set that
have the same label as the chromosome c¢. At the same time, the distance between the weights
of ¢ and the weights of the keywords from all e-mails in the training set that have the opposite

label with respect to chromosome c is maximized.
Let ¢ = (ay,...,a2,) : b be the current chromosome.

Suppose there are u e-mails in the training set that are labeled with b.

The following multiobjective problem has to be solved (P):

fi:D*™ = R, fi(c) = iz dev) 46 he minimized

u

fo: D™ — R, fa(c) = W to be maximized

Problem (P) is solved through combining the objective functions f; and f2 in a unique criterion

function:

1
fa(c)

One is led now to the minimization of the function in (5.3).

fe(e) = fie) + (5-3)

Mating selection operator

The mate for every chromosome is selected within its predefined the mating region. Propor-

tional selection is used in this respect [Dumitrescu, 2000a], [Dumitrescu et al., 2000].

Variation operators

Intermediate crossover is chosen for the first operator [Dumitrescu, 2000a],

[Dumitrescu et al., 2000].
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As mutation is concerned, a gene oriented one is used. The gene to be mutated suffers a

normal perturbation:

a; = a; £ ms- N;(0,1),

where i = 1,2, ...,2n and ms denotes the mutation strength.

Mutation does not apply to the gene representing the outcome.

Merging operator

The merging operator does not take into account the outcome. Now, it is possible, in the
early generations, for chromosomes that are very similar to have different outcomes. As the fit-
ness evaluation takes into account the quality of the chromosome (rule) for the classification task,
be that the above mentioned situation happens, only the chromosomes with the proper outcome
for the given weights will survive.

Stop condition

The algorithm stops when, after a predefined number of iterations, denoted by t, no new
offspring is accepted in the population.

The last population gives the set of rules, which are optimal in number and each rule is opti-
mal for its corresponding outcome.

Parameter values

The values for the involved parameters are given in Table 5.1. These values are experimentally

chosen so that GC principles obey.

Table 5.1: Empirically determined parameter values.

Mating region ms Merging radius t S n

0.6 * 2n 0.06 0.4 * 2n 100 100 15

The mating region is considered in this way so that the difference between the values of two
chromosomes for each gene (keyword) be no higher than 10% of the maximum possible difference
between them. The mutation strength is in connection to the mating region, as it is compulsory
that the offspring does not fall out of the range of its parent. The merging radius is chosen such
that the difference between the values of two chromosomes for each gene (keyword) be no higher

than 6% of the maximum possible difference between them.
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Table 5.2: GC classifier: Accuracy rates after 10 runs for spam filtering

Data set Mean Standard deviation
Non-spam 97.65 0.19
Spam 94.94 0.70
Overall 96.29 0.32

Resulting rules. Interpretation

The final population contains at least two chromosomes, one for each of the two categories.
Therefore, at least two rules are finally obtained, one for each category. If there is more than
one rule for a certain category then, when applying the rules for an e-mail, at least one of them
needs to be satisfied so that the e-mail be labeled with that category. Consider a chromosome
in the final population, with the outcome 1, representing thus a rule for non-spam e-mails. The

chromosome has the following representation:

T = (a17a27 "'7a'n7a7l+17 "'7a2n) : 1

As the first n genes contain weights of the keywords for spam, only the last n weights are of
interest. The rule gives us some minimum values for the weights of the keywords that have to be
overtaken by the weights of the same keywords in an e-mail from the test set in order to label
that e-mail with non-spam. It is not always the case that every single keyword appears in an
e-mail from the test set. This is the reason one cannot compare each value of the weights of the
keywords in a rule with each of the values of the weights of these keywords in an e-mail from the

test set. Alternatively, the following sum is computed for the non-spam rule:

2n
hy=3 0 i

All weights of the non-spam keywords that appear in an e-mail from the test set are also
summed; if the obtained sum (denoted by h) is higher than h;, then the e-mail is concluded to be
a non-spam one. If there are more rules for non-spam e-mails, other sums hg, h3, ..., h; are also
computed. In conclusion, for an e-mail to be labeled as non-spam, its sum A has to be higher
than at least one of the hj;-s. Same goes for spam labeling, but this time taking into account only
the first n genes. For all e-mails in the test set, both types of rules are applied and each one of

them is labeled as either spam or non-spam.

5.3.3 Experimental Results

As an immediate validation, the obtained rules, at least two (one for each outcome), are applied
to the test set and results after ten runs are shown in Table 5.2:

The rule set correctly predicted the category for 96.29% of all e-mails, and, differentiating,
rightly categorizing 97.65% of non-spam and 94.94% of spam, giving a failure of 3.71% e-mails

which are not placed anywhere.
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The classification task is successfully achieved as none of the e-mails in the test set are classified
both as spam and non-spam. The fact that the failed e-mails are not labelled in any way is a
very good aspect, mainly because no good e-mail is labelled as spam. Obviously, everyone would
prefer the presence of spam e-mails in his/her account to the loss of good e-mails to spam: this
is the reason it was decided to label the non-classified e-mails as non-spam. In this manner, none
of the good e-mails would be lost and the percents would change to 100% non-spam correctly
classified and 94.94% spam correctly categorized. Therefore, this leads to an overall result of
97.47% correctly classified e-mails.

A binary encoding is also tried in [Stoean et al., 2004b], but it failed to give results as accurate

as the real encoding.

5.4 Crowding Genetic Chromodynamics Classifier

GC with the embedded crowding technique, which previously demonstrated its superiority when
targeting high-dimensional problems, is now tested within proposed classifier and applied for two
data sets, i.e. Pima-Indian Diabetes and Fisher’s iris [Stoean and Dumitrescu, 2005c¢],

[Stoean et al., 2005¢], [Stoean and Dumitrescu, 2006], [Stoean and Dumitrescu, 2005b],

[Stoean et al., 2005d]. No replacement or deletion of involved data is undertaken. More informa-

tion about both data sets can be found in Appendix B.

5.4.1 Diabetes Disease Diagnosis

Each individual encodes an if-then rule. An individual therefore contains nine genes, one for each
attribute and one for the outcome; first eight genes are real valued, while the last is a binary one
and it gives the output of the chromosome (conclusion of the rule encoded). Consequently, the
condition of the rule is a conjunction of personal data and symptoms and its conclusion is the
diagnosis.

The rules (individuals) are evolved against the training set. The fitness of an individual is
computed as its distance to all patients in the training set that have the same outcome. The
alm is to minimize distances, conceiving thus good rules for the patients diagnosis. A rule is
considered of high-quality if it matches the condition part of the data in the training set with the
same outcome as itself.

Having an individual = (21, x9, ..., x,) and a patient from the training set p = (p1, p2, ...,
Pn), the distance between ¢ and p is computed by the same Manhattan distance, only this time

it is normalized (5.4):

n

dlw.p) =3 1 H 2] (5.4

i=1
where a; and b; represent the lower and upper bounds of the i-th attribute. As the values

for the attributes belong to different intervals, the distance measure has to refer to the interval
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bounds. n is equal to 8 in this particular case.

Intermediate recombination is used, with the coefficients biased by the fitness of the two
parents involved. Mutation is with normal perturbation. Values for the parameters of the EA are
specified in Table 5.4.

dif; denotes the difference between the bounds of the interval corresponding to attribute i.
Replacement radius is taken equal to the mating radius for both applications. The stop condition
of the algorithm is given by a number of generations that can pass without any improvement for
the solutions; this value is considered to be 10.

The ratio between training and test sets is set to 75%-25%, as established by Prechelt in
[Prechelt, 1994] with respect to the diabetes task. Three kind of tests are conducted with different
possibilities of choosing the data that would go into training and test, respectively. The two sets
are obviously disjoint.

First way of splitting data is by doing test-sample cross-validation. The first 75% of the cases
made the training set and the last 25% composed the test set, according to [Prechelt, 1994]. The
obtained mean accuracy for the test set in 100 runs is 75.06%.

Second, another test is done according to rules of splitting that should be used for this data
set, as established by Prechelt’s rules in [Prechelt, 1994]. The data set is sequentially split into
75% training - 25% test to give 4 different combinations of these two sets, i.e. first 756% data
for training — last 25% for test, first 25% data for test — last 75% for training, first 50% data for
training — next 25% for test — last 25% for training again, first 25% data for training — next 25%
for test — last 50% for training again. The algorithm is subject to 100 trials again. The mean
accuracy obtained for the test set is 69.672%.

Last, random cross-validation is performed, i.e. the training set containing 75% data and the
test set consisting of 25% data are randomly generated in each run. The algorithm is applied 100
times and the obtained mean accuracy is of 69.515%.

However, in many tests, it was noticed that when the chromosome pool still has four individuals
left and has not converged yet, a higher accuracy of 80% is obtained. This leads to the idea that
in the structure of each of the two obvious clusters two other subclusters are included. Thus, with
the best instead of last accuracy, better results can be obtained.

Results obtained by crowding GC and those obtained by other techniques applied to the same
classification problem (a neural network with Prechelt’s rules in [Smithies et al., 2004] and an

evolved neural network in [Yao and Liu, 1997]) are outlined in Table 5.3.

5.4.2 Iris Plants Identification

There are two ways of dividing the database into training and test sets: on the one hand, two
thirds of each of the three classes are considered as training set and the rest as test set; on
the other hand, the training set is randomly chosen and the test set consisted of the remaining
instances. In the first case, the three classes are equally distributed into training and test sets.

Chromosome representation is similar to the one from the diabetes diagnosis problem, where
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Table 5.3: Results of comparable techniques for the diabetes task in relation to crowding GC.

Technique Runs  Accuracy (%)
Crowding GC with test-sample cross-validation 100 75.06
Crowding GC with Prechelt’s rules 100 69.672
Crowding GC with random cross-validation 100 69.515
Crowding GC best accuracy (4 rules) 100 80
Neural Network (NN) with Prechelt’s rules 100 65.5
Evolved NN with test-sample cross-validation 30 77.6
Evolved NN best result 30 80.7

the first four genes correspond to the attributes of an iris plant and the last one embodies its class.
Same distance as in (5.4) is used to compute differences between individuals and same variation
operators are considered; the values that are used for the parameters of the EA are given below
in Table 5.4.

Table 5.4: Parameters of the crowding GC technique for both classification problems.

Pop. size Mut. probability Mut. strength Mating radius  Merging radius

100 0.4 dif; /100 0.3 0.03

The final result of the evolutionary classifier has to consist of at least three rules (individuals),
that is at least one for each class. The accuracy for the first mode of fixing the training and test
sets varies between 94% and 98%, while for the second way of selecting the two disjoint sets the
accuracy ranges from 88% to 96%. Besides accuracy from the third row in Table 5.5, where the
percent is the best found in 100 runs (obtained even during these runs and not necessarily at the
end of them), all other values in the third column are obtained by computing the average for the
final accuracies at the end of each of the 100 runs.

Unfortunately, in some literature approaches that used this database there were no clear de-
scriptions of the way training and test sets were chosen, so direct comparisons between their results

and those obtained by GC with crowding are not very accurate. For instance, in [Veenman, 1996],

Table 5.5: Results of different techniques for the iris plants recognition in comparison to crowding

GC

Technique Runs  Accuracy (%)
Crowding GC with equally distributed cross-validation 100 95.76
Crowding GC with random cross-validation 100 92.84
Crowding GC best accuracy instead of last 100 98
Genetic programming ([Veenman, 1996]) 100 92.7

NN BP with random cross-validation 10 93.2

NN CCA with random cross-validation 10 92.6

NN modified CCA with random cross-validation 10 97
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a genetic programming model is tested on the Iris database, while in [Yang and Honavar, 1991],
some neural networks techniques (backpropagation algorithm, denoted by BP, and cascade-

correlation algorithm, CCA) are applied in this respect; results are outlined in Table 5.5.

5.4.3 Observations

Regarding the diabetes classification problem, one possibility is to build separate rules for different
decades; therefore, rules are built depending on the age attribute. The natural explanation is that
people that are young are very likely to have different reasons to suffer of diabetes than the others
or they may have a different type of diabetes.

Experiments are carried out and results showed indeed an important increase in the classifica-
tion accuracy: 77.08% of the patients in the test set are correctly classified, using cross-validation,
in comparison to 75% when plain crowding GC is used. Two decades are considered, so that all
patients of age between 21 and 51 are in the first decade and patients of age between 52 and 81
in the second one. Consequently, (at least) four rules are obtained, that is (at least) two for each
decade: one for the ill patients and one for the healthy ones.

Another possibility is to weight each of the eight attributes. In this manner, not all attributes
have the same importance; the degrees of importance are detected either using a typical genetic
algorithm or they may be evolved together with the values for attributes using crowding GC. In
the first case, the crowding GC method provided the rules to be applied, that is the values for the
eight attributes in each of the two cases; then, independently, a typical genetic algorithm evolved
eight values, each between 0 and 1, in order to find the proper weights for the attributes of the
rules. The weights are evaluated with respect to the accuracy obtained by application of the rules
to the training set — so the higher the accuracy on the training set, the better the weights are. This
technique is tested in both situations, with two decades and without them. Without decades, the
method provides accuracy around 77% [Stoean and Dumitrescu, 2005¢]; what is unusual is that,
when using decades, the result is not very stable — it varies from 74.48% to 79.68%. Evolving the
weights together with the values for the attributes using crowding GC did not offer good results.

5.5 Summary

The chapter starts with a brief presentation of classical evolutionary classifiers.

GC is then integrated into such a classification technique which is applied for spam filtering.
Each component of the classifier is explained, beginning with text preprocessing and continuing
with the evolutionary components. Conducted experiments and competitive obtained results are
outlined.

In a subsequent episode, a classifier with the crowding GC as engine is presented. This
variant has been demonstrated to exhibit a superior performance on multidimensional tasks and
consequently the new version of the classifier is applied to two classification problems; the results

sustain its employment.
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5.6 Future Work

As spam e-mails contain more HTML tags than non-spam e-mails and, at the same time, obviously
more classification problems appear with the labeling of spam e-mails, a solution for a more
accurate e-mail categorization might rely on a better HT'ML processing.

For the same GC based classifier presented first, the impact of a size for n higher than 15 is
to be studied in future work. Moreover, the study of the ideal size for n has to take into account
not only accuracy but also the amount of computing time needed.

A further improvement (for the technique this time) that is still to be done is to adjust the way
merging takes place: It should occur only if the obtained set of rules provides a better accuracy on

the training set, because, as it is now, potentially promising configurations frequently disappear.



CHAPTER 6

COEVOLUTION FOR CLASSIFICATION

6.1 Objectives of this Chapter

The aim of the chapter is to follow a slightly different learning direction and present two other
newly developed classifiers [Stoean et al., 2006a], [Stoean et al., 2006¢], [Stoean et al., 2008a],
[Stoean, 2007] that are based on both the cooperative and the competitive coevolution.
Cooperative coevolution for classification is inspired from the framework proposed in
[Potter and Jong, 1994], [Wiegand, 2003]; therein, it is applied for function optimization. Com-
petitive coevolution for classification, on the other hand, draws its roots from the paradigm
proposed by [Paredis, 1998].
The chapter starts with an overview of the original cooperative and competitive approaches
and then the proposed classifiers are described. Experiments are then driven on several data sets
and the obtained results are reported. The chapter encloses with conclusions and ideas for future

research directions.

6.2 Overview

The coevolution technique is inspired from the interactive process that occurs between species
in nature: on the one hand, species have to fight for the same resources, meaning that they
are in competition for a certain goal, and, on the other hand, different species collaborate for a
specific purpose. Consequently, two kinds of artificial coevolution are introduced: one is called
competitive, the other one is cooperative.

In competitive coevolution, the evaluation of an individual is determined by a set of compe-
titions between the current individual and other individuals, while in cooperative coevolution,
collaborations between two or more individuals are necessary in order to evaluate one complete
solution.

The main components of the cooperative coevolution paradigm are next described, together
with the successful application of the technique for the optimization of several functions with

multiple local optima. The competitive coevolution paradigm description follows afterwards.

o7
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6.2.1 Cooperative Coevolution

Individuals in nature evolve by means of adaptation to the environment, part of which consists
of other living beings, in particular different groups or species. From this viewpoint, evolution
is actually coevolution. Coevolution can be competitive, cooperative or both. Similarly, in the
evolutionary computational area, interest has recently grown towards the extension of the powerful
EAs to coevolutionary architectures. They are interesting indeed because they bring along a new
idea for the fitness evaluation of an individual, i.e. in relation to the other individuals in the
population.

The general idea of the cooperative coevolution approach is outlined in chapter 3. Herein
some more details regarding attributes specific to the cooperative coevolution are mentioned, as
they are further on used in the approach for classification.

When building a cooperative coevolutionary algorithm, there are three attributes

[R. P. Wiegand and Jong, 2001] regarding selection that have to be decided on:

1. Collaborator selection pressure refers to the way individuals are chosen from each population
in order to form complete solutions to the problem, i.e. pick the best individual according
to its previous fitness score, pick a random individual or use classic selection schemes in

order to select individuals from each of the other populations.

2. Collaboration pool size represents the number of collaborators that are selected from each

population.

3. Collaboration credit assignment decides the way of computing the fitness of the current
individual. This attribute appears in case the collaboration pool size is higher than one.

There are three methods for computing this assignment:

(a) Optimistic - the fitness of the current individual is the value of its best collaboration.
(b) Hedge - the average value of its collaborations is returned as fitness score.

(¢) Pessimistic - the value of its worst collaboration is assigned to the current individual.

The explanation for the pessimistic assignment is that it might be best to use a safe credit
assignment that rewards an individual only as its weakest collaboration. Although in experiments
driven for function optimization [R. P. Wiegand and Jong, 2001}, both the pessimistic and hedge
strategies consistently resulted in significantly poorer performance, they proved to be very effective
in the approach proposed for classification in current work.

Algorithm 12 demonstrates the modality of evaluation of an individual ¢ with respect to the
three mentioned attributes. We presume that a maximization problem is considered.

In order to evaluate an individual ¢ from a certain population, a number of complete potential
solutions are formed according to the chosen collaboration pool size. In order to aggregate a
solution, collaborators from each population different from that of ¢ are selected through a certain

strategy (collaboration selection pressure). Each solution is evaluated according to the objective
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Algorithm 12 Fitness evaluation within cooperative coevolution

Require: A current individual ¢

Ensure: The fitness evaluation of ¢

begin

for each i = 1, 2, ..., collaboration pool size (cps) do
select one collaborator d;, j = 1, 2, ..., number of species from each population different from that of
G

form a complete potential solution;
compute the fitness f; of the solution in the terms of the objective criterion;
end for
if Collaboration credit assignment = Optimistic then
evaluation — maz;2 (f;);
else
if Collaboration credit assignment = Pessimistic then
evaluation — ming? (f;);
else
evaluation — avg;? (f;);
end if
end if
return evaluation

end

function of the current problem. Once all candidate solutions are gathered and assessed, the
preferred type for the collaboration credit assignment decides the value that will be returned as
the performance of the individual c.

Cooperative coevolution is introduced as an alternative evolutionary approach to function
optimization [Potter and Jong, 1994]. For this task, one considers as many populations as the
number of variables of the function, i.e. each variable represents a component of the solution
vector and is separately treated using any type of EA. Several functions with multiple local
optima and one global optimum are considered and the cooperative coevolutionary algorithm
proved to be effective [Potter and Jong, 1994], [Wiegand, 2003].

The cooperative coevolutionary technique has been recently successfully applied to develop a
rule-based control system for agents; two species were considered, each consisting of a population
of rule sets for a class of behaviours [Potter et al., 2001].

Other classification evolutionary models for coadapted components are Holland’s classifier
system [Holland, 1986] and the REGAL system [Giordana et al., 1994], where stimulus-response
rules in conjunctive form (such as in present approach) are evolved by EAs. In [Holland, 1986],
cooperation is achieved through a Bucket Brigade algorithm that awards rules for collaboration
and penalizes them otherwise. In [Giordana et al., 1994], problem decomposition is performed by
a selection operator, complete solutions are found by choosing best rules from each component,
a seeding operator maintains diversity and fitness of individuals within one component depends

on their consistency with the negative samples and on their simplicity [Potter and Jong, 2000].



CHAPTER 6. COEVOLUTION FOR CLASSIFICATION 60

To the best of our knowledge, there has been no attempt in applying cooperative coevolution to

classification based on individuals that encode simple conjunctive if-then rules in first order logic.

6.2.2 Competitive Coevolution

Within the competitive model [Paredis, 1999], the complementary evolution between species is
achieved through an inverse fitness interaction process. This implies that success attained on one
side is regarded as failure among the individuals of the other side; the latter species will have to
react in order to maintain its chances of survival.

Competitive coevolution represents a predator-prey complex: The strong evolutionary pressure
determines the prey to defend itself better while, as a response, the predator develops better
attacking strategies. This results in a stepwise adaptation and complexity of involved species.
Therefore, the competitive interaction between species represents the force that drives evolution
forward.

Accordingly [Paredis, 1998], one species corresponds to certain tests a solution must satisfy
and the other to the potential solutions for the given task. Competition is achieved through
encounters between one individual from the tests population and one from the solution species.
The two selected individuals are checked against each other and, if the solution passes the test,
then the former is rewarded while the latter is penalized; if it fails, credits are assigned in a
reverse manner. Moreover, each individual has a history of its encounters which embodies the
penalizations/rewards it has received. The fitness of the individual is computed on this basis, as
the sum of its most recent behaviours (successes/failures).

An important remark is that, since tests are a priori defined, it is only the population of
potential solutions that evolves; the opposite species contains the same individuals (tests) until
the end of the evolutionary process. The only fluctuation that appears within the latter population
solely regards the ranking of the individuals according to fitness (their satisfiability hardness). It
must be however noted that, in certain cases when tests cannot be exhaustively given, the tests
population may also evolve.

Canonical competitive coevolution can be described as in Algorithm 13.

The initial evaluation of the individuals in both populations is based on the results of random
encounters between solutions and tests. When such an encounter takes place, only the current in-
dividual is rewarded / penalized without the inverse score attribution for its competitor happening
as well.

An evolution cycle is then entered. A predefined number of encounters between solutions and
tests takes place. Those opposite individuals that meet are decided following a ranking selection.
As a result, the fittest solutions and tests are more frequently involved in such ”tournaments”:
The best performing solutions must prove their superiority more often, while, concomitantly, the
algorithm focuses upon the most difficult tests. As soon as the reward/penalization is established
for the two selected competitors, their corresponding history is updated: The score of the most

recent encounter replaces that of the oldest one and evaluation is revised.
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Algorithm 13 A canonical competitive coevolutionary algorithm

Require: A problem and a population of tests
Ensure: The final solutions population
begin
t — 0;
randomly initialize solutions population Popge;(t);
create history and evaluate individuals in Popg.(t);
create history and evaluate individuals in Popres:(t);
while termination condition = false do
t—t+1;
for i =1, 2, ..., number of encounters do
select solution from Popgy(t — 1);
select test from Popres:(t — 1);
obtain result from encounter between solution and test;
update history and evaluation of solution according to result;
update history and evaluation of test according to result;
end for
select two solutions from Popg.(t — 1);
apply variation operators to obtain one offspring;
evaluate offspring;
Popso(t) < Popsa(t —1)
insert offspring into Popg.(t);
end while
return Popg(t)

end
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After the considered encounters are finished, a single offspring is created. Two parents are
selected according to the same selection scheme and recombination and mutation on the resulting
solution are subsequently applied. A personal history of the offspring is created through a number
of encounters equal to the defined history length. The tests are again selected according to a
ranking scheme. Following such an encounter, only the history of the offspring is modified; unlike
a standard encounter between a solution and a test, no simultaneous penalization/reward of the
involved test is conducted. This stems from the simple reason that a mediocre offspring might lead
to an unreliable change in the behaviour of the considered test. After the offspring is evaluated,
it will replace the weakest individual in the solutions population.

During the entire evolutionary process, the tests population suffers no variation.

The two species thus evolve together, through the inverse fitness interaction mechanism: As
soon as the potential solutions satisfy certain tests, the latter receive a weaker evaluation score
which leads to omission from further selection. As a result, other more difficult tests are subse-
quently more often selected for tournaments, while the solutions must evolve to adapt to the new
requirements that must be fulfilled.

The parameters that are associated with competitive coevolution are the history length of an
individual (the number of meetings that provide a measure of its performance) and the number
of encounters between solutions and tests within an evolutionary cycle.

The importance of the personal history is manifold [Paredis, 1999]. For one, it offers a con-
tinuous evaluation of an individual. Then, its partial nature leads to a major decrease in the
computational expense of testing a potential solution against all the given tests, while it offers
dynamics and keep of pace between the two species.

The competitive paradigm has been applied to a wide range of problems, i.e. path planning
[Paredis and Westra, 1997], constraint satisfaction [Paredis, 1994a] and classification. As classifi-
cation is concerned, known techniques involve the evolution of neural networks [Paredis, 1994b],
decision trees [Siegel, 1994], cellular automata rules [Juille and Pollack, 1996], [Paredis, 1997] and
the use of genetic programming for the problem of intertwined spirals [Juille and Pollack, 1998].
Again, it has to be stated that to the best of our knowledge, the competitive coevolution between

simple if-then rules and the training set has not been achieved yet.

6.3 Cooperative Coevolution Approach to Classification

The solution to the classification problem is again imagined as to be represented by a set of
rules that contains at least one rule for each class. Therefore, the decomposition of each po-
tential problem solution into components is performed by assigning to each species (population)
the task of building the rule(s) for one certain class [Stoean et al., 2006a], [Stoean et al., 2006¢],
[Stoean et al., 2008a], [Stoean et al., 2007b]. Thus, the number of species equals the number of
outcomes of the classification problem. A rule is one more time considered to be a first logic

entity in conjunctive form, i.e.:
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if (a1 = v1) A (a2 = v2) A ... A (ap, = vy,) then class k

where a1, aog,, ..., a, are the attributes, vy, vs,,...,v, are the values in their domain of definition
and k=1,2,....p.

6.3.1 Training Stage. The Evolutionary Algorithm Behind

As the task of the cooperative coevolution technique is to build p rules, one for each class, p

populations are considered, each with the purpose of evolving one of the p individuals.

Representation

Each individual (or rule) ¢ in every population follows the same encoding as a sample from the
data set, i.e. it contains values for the corresponding attributes, ¢ = (c1, ca, ..., ¢,). As already
stated, individuals represent simple if-then rules having the condition part in the attributes space
and the conclusion in the classes space. Within the cooperative approach to classification, an
individual will not however encode the class, as all individuals within a population have the same

outcome.

Initialization

The values for the genes of all individuals are randomly initialized following a uniform distribution
in the definition intervals of the corresponding attributes in the data set.
In case the considered data set is normalized, the values for the genes of the individuals are

initialized in the interval [0, 1], again following a uniform distribution.

Fitness Evaluation

In order to measure the quality of a rule, this has to be integrated into a complete set of rules
which is to be subsequently applied to the training set. The obtained accuracy reflects the quality
of the initial rule. Of course, the value of the accuracy very much depends on the other rules
that are selected in order to form a complete set of rules: For a more objective assessment of its
quality by means of the accuracy value, the rule is tested within several different sets of rules, i.e.
different values for the collaboration pool size are considered. For a deep research regarding the
effect of the cooperative parameters on the results, see [Stoean, 2006].

The value for the collaboration pool size parameter is further on denoted by c¢ps. For evaluat-
ing an individual from a certain population—that is a rule of a certain outcome—a collaborator from
each of the other populations is selected n times according to the collaborator selection pressure
choice. Every time, the set of rules is applied to the entire training collection. Obtained accuracy
represents the evaluation of the current individual. The fitness of an individual ¢ may be given
by the best of the cps acquired accuracies (optimistic assignment), by the worst one of them (pes-
simistic assignment) or by the average of all ¢ps accuracies (hedge assignment). Algorithm 14 de-

scribes the way evaluation takes place in these cases [Stoean et al., 2006d], [Stoean et al., 2006a].
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Algorithm 14 Fitness evaluation of an individual ¢ by means of either optimistic, pessimistic or

hedge collaboration credit assignment

Require: A current individual ¢
Ensure: The fitness evaluation of ¢
begin
for i =1 to cps do
correct; = 0;
select a random collaborator from each population different from that of ¢ according to the collaborator
selection pressure parameter;
for each sample s in the training set do
find the rule r from the set of all collaborators that is closest to s; found class for s = r’s class;
if found class for s = real class of s then
correct; = correct; + 1;
end if
end for
end for
if optimistic then
success = max_(correct;)
else
if pessimistic then
success = minl_, (correct;)
else
success = avglr_, (correct;)
end if
end if
accuracy = 100 * success / number of training samples;
return accuracy

end
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In addition to the classical cooperative coevolutionary ones, a novel type of assignment is
proposed (Algorithm 15, [Stoean et al., 2006d], [Stoean et al., 2006a]). For each sample s in the
training set, multiple sets of rules are formed and applied in order to predict its class. All rules
within a set have different outcomes. Scores are computed for the sample s, for each of the possible
outcomes in the following manner: when a rules set is applied to a sample, a certain outcome is
established for it. The score of that outcome is increased by unity. Each of the cps sets of rules

are applied to s. Finally, the class of s is concluded to be the class that obtains the highest score.

Algorithm 15 Score-based fitness evaluation for an individual ¢
Require: A current individual ¢

Ensure: The fitness evaluation of ¢
begin
for each sample s in the training set do
set the score for each possible outcome of s to 0;
end for
for i =1 to cps do
select a random collaborator from each population different from that of ¢ according to the collaborator
selection pressure parameter;
for each sample s in the training set do
find the rule r from the set of all collaborators that is closest to s; increase the score of r’s class for
s by one unit
end for
end for
success = 0;
for each sample s in the training set do
if the real class of s equals the class that had the higher score for s then
s is correctly classified;
success = success + 1;
end if
end for
accuracy = 100 * success / number of training samples;
return accuracy

end

Independently of the chosen algorithm for calculating fitness evaluations, the distance between
individuals and samples from the data set has to be once more computed when one decides which
rule is closer to each sample in the training set. In the conducted experiments, normalized
Manhattan is adopted as the distance measure (6.1). However, other distance measures may be
as well employed, depending of the considered problem. Note that the distance does not depend

on the class of the sample/individual.

Ci — XI5
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We denoted by z; = (x;1, 2, ..., i) a sample from the training set, while by ¢ = (¢1, ca, ...,
¢n) an individual (or rule). a; and b; represent the lower and upper bounds of the j-th attribute.

In both algorithms 14 and 15, the fitness of an individual is computed as the percent of
correctly classified samples from the training set (variable success in the algorithms specifies the
number of samples that are successfully labelled).

In Algorithm 15, situations may appear when, for a certain sample, there exist more classes
that have the same maximum score. In this case, one class has to be decided and it is considered
to choose the first one in the order of outcomes. As herein all combinations of rules count in the
determination of accuracies, we might state that the new choice of assignment is closer to the

classical hedge type.

Selection and Variation Operators

The selection operator presently discussed refers to the selection for reproduction within each
population, not to the collaborators selection. Fitness proportional selection is employed, but any
other selection scheme may be successfully applied.

Intermediate recombination is used. The obtained offspring individual replaces the worst of
its two parents.

Mutation with normal perturbation is used for the experiments performed in current paper —

a value of the gene 7 of an individual P is changed according to (6.2).
P,=F+R- (bz - ai)/ms, (6.2)

where R is a random number with normal distribution, b; and a; are the upper and lower bounds
of the i-th attribute in the data set and ms is the mutation strength parameter. As the domains
for the values of the attributes in the data set have different sizes, we again have to refer to the size
of the interval for each attribute when the values of the genes are perturbed through mutation.

In case the data set is normalized, the way the value of the gene i is modified changes to (6.3).
P,=PFP+R-ms (6.3)
We cannot imagine any obstacle for using any other recombination or mutation operators
[Eiben and Smith, 2003].
Stop Condition

In the experiments, a fixed number of generations for the evolutionary process is set.

6.3.2 Cooperative Coevolution Parameters

In order to achieve the optimal configurations for the parameters of the cooperative approach,
experiments are carried out as follows.
Concerning the collaborator selection pressure attribute, random selection is used, on the one

hand, and, on the other hand, a fitness proportional scheme is employed.
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All the three types of fitness assignment presented in Algorithm 14 together with the one
based on scores are tested.
As for the collaboration pool size, the number of collaborators is varied in order to find the

optimum balance between accuracy and runtime.

6.3.3 Test Stage. Rules Application

After the stop condition is reached, we dispose of p populations of rules that are evolved against
the training set. In order to form a complete set of rules, an item from each population is chosen.
The rules may be selected randomly, the best ones can be considered or a selection scheme can be
used. In the last two cases, the final fitness evaluations of the individuals are taken into account.
It is not always the case that, by selecting the fittest rule from each population, the best accuracy
on the test set is obtained. Even if these best rules would give very good results on the training
set, they may be in fact not general enough to be applied to previously unseen data.

In the conducted experiments, for a number of cps times, one rule from each population is
randomly selected in order to form cps complete sets of rules. Each time, the rule set is applied to
the test data in a similar manner to the fitness calculation in Algorithm 15 and the classification

accuracy is acquired.

6.4 Competitive Coevolution Approach to Classification

Similarly to the cooperative approach for classification, the aim of the competitive classifier is to
construct, based on a training set, a set of rules that model the data and which will be subsequently
applied to the test set. Within proposed competitive approach, a population of tests is represented
by the samples in the training data, while another population, that of solutions, will contain only

the rules that are to be evolved.

6.4.1 Training Stage. The Evolutionary Algorithm Behind

Keeping the same notations as in the cooperative approach, the task in this case will be once more
to build p rules, one for each class. Consequently, in order to form a solution to the classification
problem, a complete set of rules has to be selected from the solutions population, which must

therefore contain rules for every outcome.

Representation

The same representation for the individuals (rules) as in the cooperative approach is adopted.
The only difference is that herein a better tracking of the class for each rule has to be kept. Since,
in the cooperative case, the outcome of each rule is identified with the population class, in present
methodology all rules, indifferent of the class they have, lie in the same population. As a result,

this time the rules will also encode the class, i.e. ¢ = (¢1, 2, ..., cn | k), K =1,2,..,p.
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Initialization

As previously stated, at least p rules have to be obtained. Recombination will take place only
between individuals with the same outcome, therefore, the size of the solutions population has to
be of at least 2p individuals, i.e. differentiating two individuals per class. However, we only state
here the minimum size of the rules population; a higher number of individuals would obviously

bring a better covering of the search space.

Fitness Evaluation

For every individual and for every sample from the tests population, a history of the scores
they obtained during encounters has to be constructed. The actual fitness evaluation of each
individual/sample will be equal to the sum of all scores in their history.

The main question is: How are the scores given? When an encounter between a rule and a
sample takes place, the distance (the same normalized Manhattan distance is used) between them
is computed. The task for the rules is to be as similar as possible to the samples in the training
set, therefore the aim is to minimize the distance between them and the samples from the training
set with the same outcome. The score that is attached to a rule is given by the negative value of
the distance; the maximum score a rule aims to attain is thus 0, meaning that the rule is identical
to the sample it encountered.

Conversely, for a sample in the tests population, the actual value of the distance between it
and the rule that it met is attached. As rules get closer to a certain pattern of samples, they
will subsequently encounter other samples that have larger fitness values (and as a consequence
higher chances of being selected for encounters) because they are very different from those rules.
Thus, new fitter samples are continuously selected in order to adapt the rules so that they will
resemble them too, i.e. evolve the solutions according to a high variety of tests.

Immediately after the initialization of the rules population, the fitness evaluations for both
the rules and the samples have to be computed. In this respect, for each rule, a sample with the
same outcome as its label is randomly selected and the encounter takes place: This has to be
performed for a number of times equal to the history length. Each individual will thus posses a
history and, as a result, an evaluation. In a similar manner, for a number of times equal to the
history length, each sample from the training set will be considered and random individuals with
the same outcome are selected in order to form the encounters that will complete their histories.

After the initial fitness calculation, each time an encounter takes place, solutions and samples
are chosen from each population by means of ranking selection. As encounters take place only
between solutions and samples with the same outcome, they will occur separately and in turn
for each class (Algorithm 16, [Stoean et al., 2006d], [Stoean et al., 2006¢|, [Stoean et al., 2006a]).
After the encounter, the new score is added to the history queue and the oldest score is removed,
such that the same history length is maintained.

An individual that is obtained after the variation operators is evaluated as follows: for a
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number of times equal to the history length, a sample with the same outcome as its own is
selected using ranking selection and encounters take place. Its fitness may now be computed by
summing all the scores in the history. It is then included in the population by replacing the

individual with the worst fitness evaluation.

Algorithm 16 The competitive coevolution approach to classification
Require: A classification problem and the training samples

Ensure: The final rules population
begin
t«— 0
randomly initialize solutions population Popge(t);
create history and evaluate individuals in Popg,(t);
create history and evaluate individuals in Popres:(t);

while termination condition = false do

t—1t+1;
for j =1, 2, ..., number of classes do
for i =1, 2, ..., number of encounters do

select solution labelled by j from Popgei(t — 1);
select test labelled by j from Popres:(t — 1);
obtain result from encounter between solution and test;
update history and evaluation of solution with -result;
update history and evaluation of test with +result;
end for
select two solutions with class j from Popge(t — 1);
apply variation operators to obtain one offspring;
evaluate offspring;
insert offspring into Popg(t);
end for
end while
return Popge(t)

end

Selection and Variation Operators

In our experiments the ranking scheme is tried, as it is usually advised in the general framework
of competitive coevolution.

As regards the variation operators, the same types of recombination and mutation as in the
cooperative approach are employed. Recombination takes place only between individuals within
the same class and, therefore, the offspring inherits the outcome of the parents. The mutation
operator does not apply to the class gene.

Again, any other variation operators may be successfully tried.

Remark: Variation and replacement take place for every class in turn (Algorithm 16).
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Stop Condition

Competitive techniques usually require more iterations than a canonical EA, as in each generation
there is only one new descendant that enters the population. However, in our approach for
classification, we apply the variation operators for individuals of every class in the same generation,
a change that makes several individuals (descendants), i.e. p instances (one for each class), enter
the population within that iteration.

The stop condition used refers to a fixed number of generations, just like in the cooperative

approach.

6.4.2 Competitive Coevolution Parameters

There are two important parameters related to the competitive coevolution technique: The history
length and the number of encounters that take place within one generation. The larger the
values for both of them, the more accurate the fitness evaluation is for an individual/sample.
Unfortunately, together with the raise in the values for either of the two, the runtime of the
algorithm also increases.

The value for the number of encounters parameter directly depends on the population size of
the two species: If there are many individuals in any of the populations, then a high value for the
number of encounters have to be set in order to update the fitness evaluations of a great amount
of the individuals.

A value that is too small for the history length parameter could make the fitness evaluation
of an individual/sample change too drastically after each encounter and thus the fitness evalu-
ation would not objectively reflect the quality of the individual/sample in contrast to the other

population.

6.4.3 Test Stage. Rules Application

After the evolutionary process stops, one rule for every class is selected and these are applied to
the test set. For each sample in the test set, the dissimilarity to each of the rules is computed.

The found outcome of the sample is taken from the rule it resembles the most.

6.5 Experiments. Application to Real-world Problems

For each of the two coevolutionary approaches for classification, the same data sets are considered
for experiments: Two data sets concerning benchmark classification problems coming from the
University of California at Irvine (UCI) Repository of Machine Learning Databases, i.e. Wisconsin
breast cancer diagnosis and iris recognition, are selected for reasons of validation and comparison.
Besides, the former is a two-class instance, while the latter represents a multi-class task, which
should reveal whether the classification techniques remain flexible and feasible with some increase

in the number of outcomes.
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Finally, a real-world data set, courtesy of the University Hospital in Craiova, Romania, is also
considered with the purpose of testing and application on an unpredictable environment that is
usually associated with raw data. For all grounds mentioned above, the selection of test problems
certainly contains a variety of situations that is necessary for the objective validation of the new
framework of coevolution in application to classification. More information about the considered
data sets can be found in Appendix B.

In all conducted experiments, for each parameter setting, the training set is formed of randomly
picked samples and the test set contains the rest of the samples. In order to prove the stability

of the approaches, each reported average result is obtained after 30 runs of the algorithm.

6.5.1 Experiment 1: Cooperative Classification Validation

Pre-experimental planning: In preliminary experiments, different settings for the coevolu-
tionary parameters are tested in order to verify their suitability for the classification problems.
However, in these initial experiments, the technique is only tested on the breast cancer and iris
data sets.

No major differences are observed between results obtained when different types of collabora-
tion credit assignments are used: Slightly better results appeared to be achieved for the score-based
fitness.

As it was expected, when the collaboration pool size value is increased, the runtime of the
algorithm also raises. As concerning the results, they also seem to be improved to some extent
by the increase of the value for this parameter. The technique had been tested from one up to
seven collaborators.

As regards the collaborator selection pressure parameter, random selection is initially employed
which drove the coevolutionary process to very competitive results. Then, the best individual from
each population is chosen for collaborations, but, surprisingly, the obtained results are worse than
in the case of a random selection pressure. The next step is that of using a selection scheme
for choosing the collaborators. Proportional selection is employed and it proves to be efficient as

results are slightly better than those obtained through random selection.

Task: To evaluate whether the cooperative approach produces viable results if compared to
those obtained by other approaches (information on these is given in subsection 6.5.3) and how

appropriate parameters are chosen.

Setup: The values for all the parameters are manually tuned. Table 6.1 contains the values for
both the parameters of the EA and the coevolutionary ones. The population size refers to the
number of individuals from each of the considered species. We only outline the values for which
the best average results in 30 runs are obtained. In each of the runs, the training and test sets
are formed from randomly selected samples.

The only normalized data are the ones regarding breast cancer.

For all considered implementations, we use fitness proportional selection, intermediate recom-
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Table 6.1: Parameter values for the cooperative coevolution approach in application to real-world

tasks

Breast Cancer Iris Hepatic Cancer
Evolutionary Parameters
Population size 100 150 100
Recombination probability 0.5 0.4 0.5
Mutation probability 0.6 0.6 0.6
Mutation strength 0.01 150 100
Generations 120 200 100
Cooperative Parameters
Collab. pool size 3 3 5
Collab. selection pressure proportional  proportional proportional
Collab. credit assignment hedge hedge worst

Table 6.2: Average results after 30 runs for the cooperative coevolution approach in application

to real-world tasks

Data set Average accuracy (%) Standard deviation (%)
Breast cancer 94.5 1.8
Iris 95.4 3.0
Hepatic cancer 90.5 2.4

bination - two-parent and one offspring - and mutation with normal perturbation. The offspring

replaces the parent only if fitter.

Results: Table 6.2 outlines the average results obtained by the cooperative approach with the

chosen parameter values. For all three data sets, the technique proved to be viable and stable.

Observations: In order to verify how many generations are necessary for the technique to reach
a constant and good result, we apply the evolved rules to the test set from an early stage of
the evolution process. This test is performed solely on the breast cancer data set. In the initial
(approximately 10) generations, the results are very unstable, jumping from 20% to 80% and
in-between, reaching then a certain stability of about 80% accuracy and growing slowly, but
constantly. In the final generations, there are only minor modifications of the test accuracy of
up to one percent. However, the results greatly depend of the way the training/test sets are
generated as there exist cases when the accuracy starts with 80% even from the early stages of
the evolutionary process.

It has to be noted that there is not a very strong dependence between the EA parameters and
obtained results as very competitive accuracies are obtained for a large scale of their values.

Concerning the coevolution parameters, changes within the collaboration credit assignments
do not bring vital modifications to the final average results: The differences between various
settings as regards the final accuracies do not overcome one percent.

As previously stated, the collaboration pool size parameter directly influences the runtime of

the program that implements the approach; the final test accuracy is also affected by the increase
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in this value, but a balance has to be established between runtime and accuracy. For the two
considered test problems in the pre-experimental stage, better results are obtained for an odd
number of collaborators. Another important observation is that when a certain threshold for
the collaboration pool size parameter is surpassed no further gain in accuracy is reached. We
generally achieved the best results when three collaborators were considered.

The cooperative parameter that brought the most important change in the final result of the
algorithm is the collaborator selection pressure. A selection scheme is preferred to a random

selection; selecting only the best collaborator seems to be the worst of the three choices.

Discussion: The proposed classification approach based on cooperative coevolution provides
very accurate results in a relatively small amount of time. For instance, on the breast cancer data
set, the runtime lasts from 7 seconds per run when the collaboration pool size is one, up to 24
for three collaborators and to around 37 seconds when five collaborators are used. Note that for
experiments, we used a computer with the following characteristics: Pentium IV CPU 3.0 GHz
and 1 GB of RAM.

6.5.2 Experiment 2: Competitive Classification Validation

Pre-experimental planning: The same two benchmark data sets from the UCI repository are
used for preliminary experiments. The first observation in these tests refers to the high amount of
time necessary for the algorithm to run: The explanation lies in the fact that the tests population
is very large and, at the beginning of the evolutionary process, all samples are evaluated. This
means that for each sample, for a number of times equal to the history length, an individual is
selected and an encounter takes place between the two, assigning a score to the sample.

We also noticed at this stage the importance of the two competitive coevolution parameters:
History length and the number of encounters. They also significantly influence the runtime of the
program that implements the algorithm. However, a more exact evaluation of an individual or
sample is obtained if the history length value is large and, on the other hand, a high value for the

number of encounters updates the evaluations of individuals/samples.

Task: It will be investigated if the competitive classification technique can perform as well as the

cooperative approach.

Setup: The values for the parameters are manually tuned, like in the cooperative case. Found
values are indicated in Table 6.3.

In the current experiment, in order to enhance the speed of the algorithm, we tried to reduce
the population size as much as possible: Less individuals means they will have more encounters
with samples from the other species and their fitness will be updated very often.

None of the considered data sets is normalized.

Results: The average results that are obtained after 30 runs by applying the competitive classi-

fication technique are illustrated in Table 6.4.

Observations: The average results show that the competitive approach is significantly weaker
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Table 6.3: Parameter values for the competitive coevolution approach in application to real-world

tasks

Breast Cancer Iris Hepatic Cancer

Evolutionary Parameters

Population size 100 50 100
Mutation probability 0.5 0.5 0.4
Mutation strength 8 1 10
Generations 100 300 150
Competitive Coevolution Parameters

History length 30 30 30
Number of encounters 20 30 20

Table 6.4: Average results after 30 runs for the competitive coevolution approach in application

to real-world tasks

Data set Average accuracy (%) Standard deviation (%)
Breast cancer 92.9 2.9
Iris 91.1 3.5
Hepatic cancer 84.7 3.4

than the cooperative one. Not only the final results prove that this approach is much poorer than
the cooperative one, but there is also a great difference as concerns runtime: To make an objective
comparison, we measured the average runtime for the same breast cancer data set, by using the
competitive approach with the parameters indicated in Table 6.3; the obtained value is of around
480 seconds, that is almost 13 times slower than the cooperative approach with 5 collaborators.
The standard deviation of the results is also significantly higher, which indicates the fact that
this technique is not as stable as the cooperative approach. Nevertheless, it has to be stated that
in an objective judgement, there are not too many perturbations that appear in 100, or even 300
generations, since only two individuals per class recombine during one generation and mutation
is applied solely to the obtained offspring. To conclude, at least 1000 generations would probably
be necessary for the variation operators to considerably change the population. That would, on

the other hand, slow down the program even more.

Discussion: The obtained results and the large runtime of the competitive technique indicate
the cooperative approach as much more viable as compared to the state-of-the-art techniques for
classification. Note however that this is only the first time the competitive approach for classifi-
cation is proposed and we believe that it represents a good starting point, as there is definitely
potential within this technique as well. To outline some ideas for future research concerning the
competitive technique for classification, perhaps a preprocessing technique step could be first ap-
plied to the training data in order to substantially reduce them. In conjunction with that (or by
itself), we presume that employing a chunking technique in order to pick only small parts from
the training set and use them as the static species could significantly improve runtime (maybe

even the accuracy). Then, after the rules are specialized on the selected samples, the tests species
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Table 6.5: Comparison to accuracies of data mining techniques reviewed in [Bennett, 1997],
[Duch et al., 1999] and [Iacus and Porro, 2006]

Task Worst reported accuracy Best reported accuracy
Breast cancer 94.2% 97.2%
Tris 93.47% 96.31%

could bring new ones, while the dynamic population of rules could resume the evolution.

An important enhancement could be brought if the very good rules that are evolved at a
certain point could be blocked for further modifications: Make one such individual a tabu rule
and maybe move it in a rules archive that will be applied when the termination condition is
reached. In the way the technique is now built, these good rules have the highest chances to be
selected over and over again, therefore modified many times, maybe for the worse.

In the end of the evolutionary run, the best rule of each class in the final population is taken
and the entire formed set is applied to the test data. Obviously, a different way of choosing
the rules could be imagined, e.g. take several rules for one class or apply an archive variant as

suggested above.

6.5.3 Comparison to Standard Data Mining Approaches

Comparison of obtained results can be made only for the breast cancer and iris data sets, since
they are public benchmark problems. The resulting rules of the hepatic data set are however
confronted with the specialized opinion of the physician and are found to be consistent with the
medical diagnosis.

A summary of best and worst accuracies in literature concerning the two considered UCI data
sets is presented in Table 6.5. These results come from surveys on several canonical data mining
techniques in [Bennett, 1997], [Duch et al., 1999] and [lacus and Porro, 2006]. Comparison can-
not be objective, however, as outlined methods either use different sizes for the training/test sets
or other types of cross-validation and number of runs or employ various preprocessing procedures
for feature or sample selection.

The highest and lowest obtained accuracy for the breast cancer diagnosis problem are reported
in [Bennett, 1997], [Duch et al., 1999]. However, the authors used 10-fold cross-validation and
removed the samples that had missing values.

On the other hand, for the two results for iris [Iacus and Porro, 2006], a similar way of selecting
the training and test sets is used. The difference to our approach is that 80% of the samples from
the Iris data are used for training and the rest (less samples than in our approach) for testing and

that average accuracies are obtained after 500 runs.

6.6 Summary

The basic ideas of this chapter can be summarized as follows:
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1. The idea of coevolution as an inspiration source for the evolutionary community is presented.
2. Cooperative coevolution, together with all its parameters is then outlined.

3. The basics of the competitive counterpart is afterwards presented.

4. Cooperative coevolution is then proposed for building rules for classification purposes.

5. Competitive coevolution is then used for classification.

6. Results of the two techniques are outlined and compared. Cooperative coevolution proved

to be more accurate and faster than the competitive approach.

6.7 Future Work

The two types of coevolution within which species either cooperate or compete are herein proposed
as tools for solving classification tasks. The cooperative approach, probably even due to the fact
that it has been more extensively tested, proved to be more much efficient than the competitive
one, as concerns both the accuracy and runtime.

The presented coevolution framework brings a natural manner of targeting classification, with
a simple and concise representation and a straightforward fitness assignment as an advantage over
existing evolutionary possibilities.

An important drawback of the cooperative technique is however the fact that the number
of populations must increase with the number of classes of the problem. Another point for
cooperative coevolution approach that is envisaged for the future is to develop a methodology of
forming sets of rules that can contain several different rules for the same class.

The competitive classification technique brings an interesting and dynamic perspective of
targeting classification. However, the method in its current state did not prove to be as efficient
as the cooperative approach. Conversely, an important advantage of the competitive scenario
over the cooperative alternative is that the raise in the number of classes does not target the
automatic increase in the number of populations and thus complicate the evolutionary system.
Further study and enhancement will complete the creation of a general coevolutionary framework,
containing both cooperation and competitiveness, that can provide new insights and successes into

the demanding and crucial field of classification.



CHAPTER 7

TOPOLOGICAL SPECIES CONSERVATION
HYBRIDIZED TECHNIQUE

7.1 Objectives of this Chapter

In this chapter, a hybridization between two recent multi-modal techniques is investigated, re-
sulting in the novel topological species conservation (T'SC) [Stoean et al., 2008b]. It is hoped to
combine the strengths of both techniques, the species conservation genetic algorithm (SCGA) and
multinational algorithms, while avoiding their weaknesses. On the one hand, the SCGA is simpler
and more efficient than the multinational paradigm; on the other hand, the latter comes with a
more natural decomposition of the population into species. By combining species conservation
with an alternative mechanism for subpopulation determination, two goals are envisaged: Preser-
vation of the best local individuals during runtime and the achievement of a natural differentiation

between the multiple final solutions of the multi-modal problem.

7.2 Advantages/Disadvantages of the Parent Techniques

Although both parent techniques are presented in Chapter 3, their basic ideas are briefly recon-
sidered here. Within the SCGA in [Li et al., 2002], the fittest individuals that are different from
each other within a certain radius are set as seeds of their subpopulations; all the other individuals
(that are not seeds) belong each to the subpopulation of the fittest individual that is found close
to them within the given radius. The seeds are conserved from one generation to another in order
to avoid the risk that some of them may disappear due to the application of genetic operators.
Naturally, the seeds are updated at each generation. The elitist SCGA idea of transferring the
seeds of each subpopulation from generation to generation is also adopted in the technique herein
proposed. The main disadvantage of SCGA is the use of the species radius parameter which has
a value that is problem dependent and therefore it is hard to be set.

An original approach that does not make use of radii and, moreover, of distances between geno-
types when separating individuals into subpopulations was developed by Ursem in [Ursem, 1999,

Ursem, 2000]. It detects whether two individuals track the same optimum by considering a set of

7
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additional candidate solutions between them and testing if one of these is weaker than both. If
this is the case, a valley between the individuals is assumed and consequently, they are presumed
to track different optima and shall be distributed to different subpopulations. The method is
described in chapter 3.

Besides the great advantage that comes with this way of determining if two individuals follow
the same peak or not, that of not using a radius anymore and, moreover, being even more precise
at distinguishing between different hills, there comes a disadvantage, that of consuming fitness
evaluations. The complex model of multinational evolutionary algorithms makes use of the method
for detecting multi-modality for each individual in every generation and, moreover, considers it
for nations, as well. Overall, multinational algorithms proved to be a powerful tool in finding the
optima for several test functions [Ursem, 1999]. However, the main drawback is that the method
uses a large amount of fitness evaluations [Stoean et al., 2007a], fact that makes it unsuitable for

real-world applications.

7.3 Description of the Proposed Hybridized Technique

The novel proposed algorithm, Topological Species Conservation (TSC) [Stoean et al., 2008b] in-
herits the ideas of having a dominating individual (seed) for each species and that of conserving
the seeds. At the same time, within TSC, subpopulations determination is done through the
same procedure as in multinational algorithms. The first attempt of achieving such a hybridiza-
tion is made in [Stoean et al., 2007a]. Additionally, some further important improvements are
introduced, especially as concerns the way individuals are distributed into subpopulations, and a

deeper investigation upon the insights of the technique is performed.

7.3.1 Motivation

The efficiency of the SCGA method lies in the elitism it uses, as subpopulations cannot be
completely lost, even if selection may skip all individuals within one population or they may
disappear because of recombination and mutation. Thus, conservation of the seeds of the found
subpopulations prevents them from getting extinct. However, within SCGA, no particular mating
selection mechanism is used which has the disadvantage that, after a small number of generations,
most of the individuals will be situated in the subpopulations that are connected to the fittest
regions in the search space. The local optima are very likely to be followed only by subpopulations
containing the seed that is only conserved from one generation to another. Therefore, fine tuning
is not performed for the local optima. In order to avoid this situation, a shared fitness for the
mating selection is employed and, as a consequence, each optimum has a subpopulation size
proportional to its fitness.

Then, replacing the radius-dependent method to differentiate subpopulations in favour of one

that employs fitness discrepancies as in multinational algorithms may have two advantages:
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e One gets rid of a crucial parameter for which it is very difficult to find a proper value,

especially in higher dimensional problems;

e Less fit individuals that are actually not promising, but merely different enough from the
others, are rapidly detected. This is obvious especially for large plateaus contained in the
fitness landscape or for optima that have very large basins of attraction: While the SCGA
method would form a great number of subpopulations, multinational algorithms detect only

one peak to follow.

We managed to avoid the expensive behavior of the original multinational algorithms that,
due to its subpopulations dynamics, which is achieved through migration and merging, uses a
high number of fitness evaluations in a very small number of generations. By incorporating the
preservation of multi-modality through seed conservation and efficiently keeping track of each
individual subpopulation during evolution, we overcame this great disadvantage.

The number of seeds is restricted to a percentage of the population, fact that did not appear
in the SCGA. This is very important for the highly multi-modal functions, where a high number
of seeds is formed even from the early stages of the EA. The SCGA does not have such a limit
for the number of subpopulations that can be formed and, therefore, the entire population can
be blocked into local optima.

In conclusion, the proposed approach borrows strength, while simultaneously solves inefficien-
cies from these both canonical techniques. The SCGA has the weakness of the use of a radius,
while the multinational algorithms have an interesting and working underlying idea, but never-

theless very expensive, if one counts the fitness evaluation calls.

7.3.2 The Mechanics

Within the proposed technique, the main characteristics of a species are the following:

e In the ideal case, all individuals within the same species lie in the basin of attraction of
the same optimum. This certitude very much depends on the number of intermediary

individuals that are considered for the verification of the multi-modality.
e An individual can belong to only one species.
e Each species has a seed, which is represented by the fittest individual of that species.

e For each species, i.e. for all individuals it contains, a unique positive integer value is assigned
as ID. The purpose of the ID is to avoid the repetition of the multi-modal verification over

the generations.

The method does not employ a radius for separating subpopulations, however, at certain times
it makes use of the dissimilarity between individuals with the purpose of reducing the number of

consumed fitness evaluations. In this respect, in conducted experiments, the Euclidean distance
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is used: Having two individuals = = (x1, 2, ..., &) and y = (y1, Y2, ---, Ym), the distance is
defined by (7.1). However, any other distance measure can be successfully used for computing

the dissimilarity between different individuals.

m

d(e,y) = > /@i — ) (7.1)

i=1
In order to outline the way subpopulations are formed, we first need to see how the detect-

multi-modal mechanism functions.

The Detect-multi-modal Method

The verification of whether two points in the search space track the same optimum is performed
through an approach that was originally referred as the hill-valley mechanism, but which, for
reasons of simplicity, is renamed to detect-multi-modal. The function takes two individuals (points)
as arguments and returns whether or not there is a valley between them in the fitness landscape,
i.e. they track different optima.

In order to reach a decision, a set of interior points between the two given as arguments is
generated. The interior points are chosen based on user-defined gradations in the [0,1] interval.
If the fitness of all interior points is higher than the minimal fitness of the two tested individuals,
then it is concluded that they track the same optimum. Contrarily, if there exist such a point
whose fitness is smaller than the minimal fitness of the two, then it is assessed that they follow
different peaks.

In conclusion, detect-multi-modal returns true if the two points follow different peaks and false
if they follow the same optimum. The mechanism is described in chapter 3, Algorithm 9, where
it is referred to by the original hill-valley name.

The value for the number of gradations in Algorithm 9 actually coincides with the number
of interior points that are considered. The vector gradation; contains equally distant values in
the interval (0, 1). If an individual that has the value for the fitness evaluation smaller than the
minimum evaluation value of the two initial points is found, the method stops and returns true.
As a consequence, all the interior points are evaluated only in case the two individuals follow the
same peak or if only when the final point has the evaluation smaller than the minimum evaluation
of the two.

An important advantage of this manner of detecting multi-modality is that there are not
several subpopulations assigned to follow a certain optimum, as it happens when the radii-based
mechanism of species conservation is used, but only one subpopulation, regardless of the size of
the basin of attraction of that optimum.

Next, the use of conservation in the proposed technique is justified and then the steps that

are followed within each iteration are presented.
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Figure 7.1: Valuable individuals could vanish if not conserved.

Conservation. Is it Necessary?

In each generation, we have a certain number of species, each having its dominating individual and
each of them following a different peak. On the one hand, we employ a weighted mating selection,
meaning that the fitness of each individual is divided by the size of the species it belongs to. This
gives a greater chance to species that have only few individuals to escape extinction, just like in
Goldberg and Richardson fitness sharing [Goldberg and Richardson, 1987].

On the other hand, this precaution measure is not always sufficient, as there may exist sub-
populations with few individuals that are situated just on the base of an optimum, as it is the
case with points x4 and x5 in Figure 7.1; they may not be selected for recombination at all, or,
if selected, might recombine with individuals from different species and produce fitter offspring
in other regions of the search space, which would eventually replace them. Therefore, for each
of the subpopulations detected so far, the best individual each contains is retained in the next
generation. However, this copying takes place only in the situation when the individual does not
already exist in the population, so that several clones of the same individual are not maintained.

Regarding conservation, the fact that we avoid having multiple instances for these individu-
als is the only difference of the proposed technique in comparison to the SCGA. However, the
preservation of the species and especially the fact that the niches are kept occupied by a number
of individuals proportional to their resources is also achieved within TSC, by means of weighted

selection, mechanism which is not integrated within SCGA.

Determining the Species

Before referring to species determination, we have to indicate the way the seeds are found, as

species form by gathering individuals around these seeds. The first generation is the most
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expensive one as regards the used number of fitness evaluations because this is the time the
detect — multi — modal method is applied for forming the starting subpopulations. In the next
generations, till the end of the evolutionary process, the species IDs are used wherever possible.
Algorithm 17 [Stoean et al., 2008b] describes how the seeds are selected and, at the same time,
the subpopulations are formed around them. We denoted by n the population size and by P; the

i-th individual in the current population P.

Algorithm 17 Seeds selection procedure
Require: The current population P

Ensure: The seeds
begin
Sort population P decreasingly according to the fitness;
Seeds = Pp; (fittest individual is a seed)
if not(first generation) then
Lprevioustp = Llrpj
end if
Py,, = 1; (the ID of the first seed)
currentI D = 2; (currentI D incremented)
for i = 2 ton do
if first generation then
Find the closest seed s in Seeds for which detect-multi-modal(P;, s) = false;
else
Find the closest seed s in Seeds for which P;,, = SpreviousID
end if
if exists such a seed s then
P;,, = srp; (P; belong to species dominated by s)
else
Seeds = Seeds U P;; (P; is a seed)
if not(first generation) then
ipreviousip = Llipi
end if
P;,, = currentlD;
currentl D = currentlD + 1;
end if
end for
return the Seeds set

end

The set Seeds is constructed by considering all individuals, in decreasing order of their fitness.
The fittest individual represents the first seed that is added to the set. In the first generation, when
an individual is considered, it is checked against the other existing seeds, using the detect —multi —
modal mechanism, to see whether it follows the same peak or not. In order to save some fitness
evaluations for being spent, we try to avoid unnecessary applications of the detect —multi —modal

method and choose the seeds by starting from the one closest to the current individual. The species
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dominated by this seed is, naturally, the most likely one to follow the same peak as the current
individual. If this is not the case, the individual is checked against the next closest seed and so
on.

The seeds for all species are updated in every generation. As the entire population is ordered
decreasingly at each iteration, the IDs of the subpopulations do not remain identical from one
generation to another, hence the need to retain the previous IDs for the newly set seeds, so that
the individuals that belong to their species could be identified and have their IDs updated. Thus,
after the first generation, when an individual is verified whether it is a seed or if it belongs to
a certain species, it is not the detect — multi — modal that is applied to verify if it follows the
same peak with any of the already found seeds, but its seed ID is compared to the IDs that the
currently detected seeds had attributed in the previous generation for this purpose.

Obviously, not all species are detected from the first generation and kept until the end of the
evolutionary process, but new species can be detected and added to the existing ones in each
iteration. The evolutionary process continues with the weighted mating selection and then the
variation operators are applied. When mutation is applied to an individual, the offspring does
not belong to any of the existing species, i.e. it does not have a value for the ID. These candidate
solutions are further referred as free individuals. In case of recombination, if both parents belong
to the same species, the offspring inherits the ID from the parents. Otherwise, the descendants
will be free individuals, just like in the case of the mutation offspring. The conservation of the
species seeds follows afterwards and subsequently the newly created individuals with no assigned

ID are integrated.

Seeds Conservation

The conservation of the seeds is described in Algorithm 18 [Stoean et al., 2008b]. f denotes the
fitness function. For each seed, be that it does not already have an instance in the population, the
worst individual of its species is searched, i.e. the least fit individual that has the same ID value
as the seed. If the seed has a higher value for the fitness evaluation than that individual, then
it enters the population instead of it. In case there is no individual in the population belonging
to the same species, the seed is introduced instead of the worst, unmarked individual in the
population. The marking is necessary in order to avoid deleting already introduced seeds.

Two differences exist as compared to the conservation procedure in the SCGA:

e Before inserting the seeds in the population, we are checking whether a copy of their instance

does not already exist, in order to avoid having duplicate individuals in the population.

e No distance is used, as we are verifying whether the species IDs coincide to the ones of the

individuals that are to be replaced by the seed.
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Algorithm 18 Seeds conservation procedure within TSC

Require: The current population P
Ensure: The population that contains the seeds
begin
Mark all individuals in P as unprocessed;
for every s in Seeds do
if s does not already exist in P then
Take worst unprocessed w from P, such that s;p = wyp;
if w exists then
if f(w) < f(s) then
w=s;
end if
else
Take worst unprocessed w in P;
w=s;
end if
Mark w as processed;
end if
end for
return the population with the integrated seeds

end
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Free Individuals Integration

The mechanism of integrating the free individuals is described in Algorithm 19 [Stoean et al., 2008b].
In order to avoid the formation of too many species, which may happen only in case the opti-
mization function is highly multi-modal, a maximum percentage of the population size that can
be appointed as seeds is considered: M AXgeeqs denotes the actual maximum value of seeds that
can be appointed. In all the experiments, M A X geeqs = 20, as it is considered that an average of
four individuals per species would be convenient.

The first choice for the integration of the individuals outside a species is to test whether they
belong to any of the already existing ones. Thus, the solution is to check for each individual
whether it follows the same peak as any of the existing seeds through applying the detect —
multi — modal method. With the aim to avoid the excessively use of the detect — multi — modal
method, for each free individual we check the seeds by starting with the most likely one to follow
the same optimum, that is by considering step by step, the closest one to the current individual.
If a seed that follows the same peak as the current individual is found, then the individual is set
to belong to that seed species, it takes the ID from the seed and the individual is no longer free.

If there remain individuals that do not belong to any of the existing species, then the choice
for these individuals is to build their own species in which they represent the seeds. That is done
by ordering all these individuals in decreasing order of fitness and then establishing the fittest one
as a new seed with the ID incremented from the last species ID. Next individual is then checked
whether it belongs to the same newly created species. If so, it will have the same ID assigned,
otherwise, it will be a new seed as well, having the next ID value. The process continues for all
individuals by checking them only against the newly added seeds.

If there still remain free individuals, fact that can happen only in case the maximum number
of seeds has been reached, we just assign these individuals to the seeds closest to them. Thus, in
case M AXgeedqs species are formed at a certain point and a better solution than the existing ones
is found, it will enter in the closest seed subpopulation that exist in the search space and, in the
next generation, this solution will be chosen as seed of the species. This way, it is conserved from

one generation to another and there does not exist the risk of extinction.

Topological Species Conservation Steps

After describing the main steps that have to be followed by TSC, we integrate them altogether in
Algorithm 20 [Stoean et al., 2008b]. At each generation, before the mating selection is applied,
the species are identified and the IDs of all individuals are updated. A weighted mating selection
is chosen in aiming to keep a good proportion between each niche resources and the individuals
it contains. Individuals from different species are allowed to recombine as their descendants may
appear in unexplored regions of the search space and, in case an optimum lies there, they settle
new species. On the other hand, when recombination takes place between individuals from the

same species, as intermediate recombination is chosen, the offspring is considered as belonging to
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Algorithm 19 Integration of the free individuals
Require: A set of free individuals

Ensure: The population and Seeds set with the integrated free individuals
begin
for each free individual = do
Find the closest seed s to x for which detect-multi-modal(z, s) = false;
if s exists then
TID = SID;
end if
end for
if Seeds.length < M AXgeeqs then
currentl D = Seeds.length + 1;
Find the fittest free individual x;
Seeds = Seeds U x; (r is a new seed)
while there are still free individuals and currentID < MAXgeeqs do
For the fittest free individual z find the closest newly added seed s to = for which detect —
multi — modal(x, s) = false;
if s exists then
Tip = SID;
else
currentl D = currentlD + 1;
Seeds = Seeds U x;
xrp = currentlD;
end if
end while
else
for each free individual = do
Find the closest seed s to z;
xrp = S1p; (integrate the free individual to closest seed species)
end for
end if
return the population and Seeds set with the integrated free individuals

end
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the same subpopulation as their parents, i.e. it inherits the ID from them. The seeds that were
retained in the set Seeds before the variation operators were applied are then integrated in the
population and then the assimilation of the descendants that do not yet belong to any species

takes place.

Algorithm 20 Topological Species Conservation Structure

Require: A search/optimization problem
Ensure: The set of seeds
begin
Initialize population;
while stop condition is not met do
Identify species seeds;
Apply mating selection;
Apply recombination;
Apply mutation;
Integrate the seeds in current population;
Integrate free individuals;
end while
return the set of seeds

end

In addition to the version in [Stoean et al., 2007a], the technique is further enhanced as we
avoid introducing duplicate individuals when seeds conservation takes place, make use of distances
in order to escape the frequent application of detect — multi — modal and thus save an important
amount of fitness evaluations, the free individuals are separately treated (and not during the seed
integration process) and a maximum limit of seeds is set.

As compared to SCGA, besides the facts that we do not make use of a radius whose value
is hard to be set sometimes and that we do not have to compute so many distances in order to
identify the species together with their seeds, within TSC there is no need for a mechanism of
identifying the final solutions: all the seeds provided in the end by TSC represent the solutions, in
case the aim is to find several global and local optima. This is due to the fact that within TSC, all
individuals that follow a certain optimum lie in the basin of attraction of that optimum, and there
does not exist the case that different species follow the same optimum. Plus, the parameter that
gives the number of interior points to be considered for TSC, the number of gradations, which
is a positive integer, is naturally easier to be tuned than the positive real-valued radius within
SCGA. However, in the experiments section, direct comparison of how dependent the models are

on the two parameters is conducted.
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7.4 Application to Function Optimization

In the following experiments, we try to fill all cells of a table made of the different modality
conditions, one, few, and many optima, and of the different search space sizes, low and high
dimensional. In order to have relatively difficult problems when dealing with functions with low
number of dimensions, we consider as easiest case the optimization of functions with two variables.

The optimization functions considered are F'1 (Waves), which is also considered in [Ursem, 1999
and F2 (Six-hump Camel Back) that is used in both [Li et al., 2002] and [Ursem, 1999] and we
add F3 (De Jong), F'4 (Shifted Rastrigin), F'5 (Rotated hybrid composition function) and a
shifted version of F'2 which is referred here as F6.

Recent simulation model based investigations [Preuss, 2006] lead to the conjecture that com-
plex multi-modal optimization algorithms may perform better than simple multistart methods
only if the number of optima is relatively low. F3 is tested to show that even in case of only one
optimum, the considered methods still perform sufficiently well.

Having equally distant optima would advantage a radii-based EA as a proper value for the
radius would aid in detecting all peaks. Plus, as a real-world problem does not usually have a
regular fitness landscape, we rescaled the original Six-hump Camel Back function in order to have
the optima, two by two more distant from each other (F'6). Waves function already is a function
that is asymmetric and has many peaks, some of which being even more difficult to find as they
lie on the border or on flat hills.

More information regarding all considered test functions can be found in Appendix A.

7.4.1 Direct Performance Comparison

Pre-experimental planning: In a previous version of the method a maximum number of seeds
was not set. This parameter proved to be vital when we dealt with the F'5 function: the results
were very poor, even when the test function was considered for two variables. The number of
seeds was increasing very fast as generations were passing. Having a population of 200 individuals,
about 180 seeds were chosen in less than 30 generations, meaning that 90% of the population is
blocked from the initial steps of the algorithm. However, after setting this M AX ge.qs value, this
situation was tackled.

Another circumstance we got aware of during the initial experiments regards the number of
duplicates that are introduced through species conservation: By verifying the existence of the
seeds instances in the current population before introducing other copies, especially for the highly
multi-modal fitness landscapes where the number of found seeds is very high, the addition of

many duplicates which would have blocked other potential solutions is avoided.

Task: Perform a direct and objective comparison between SCGA and the TSC technique. The
multinational algorithm is not considered for comparison because it proved to be less efficient

than both SCGA and a previous form of TSC in [Stoean et al., 2007a).

Experimental Setup: In order to have an objective comparison, the only user interaction in
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setting the parameters for the two techniques appears in defining the ranges for the parameter
values. A Latin Hypersquare Design (LHD) is performed for all test functions in setting the exact
values for all the parameters of the two techniques.

For all considered test functions and for both techniques, the same budget of 3-10* fitness
evaluations was set. The upper bound of the population size is restricted for both methods to
200. The mutation and crossover probabilities are selected by the LHD in the interval [0, 1] in all
experiments. The upper bound value for the mutation strength parameter is identically set for
both techniques, but differently for each benchmark function: For F2, F'3 and F'6 the interval is
set between 0 and 5, while for the other cases the interval is [0, 20].

Regarding the intervals for the two specific parameters of the techniques, for the number of
gradations in TSC we considered for all benchmark problems values in the set {1, 2, ..., 15}. For
the SCGA radius, the interval sizes are set depending on the problem to be solved: The actual
radius value was computed for each function using the Deb and Goldberg formula that is outlined
in chapter 3, Equation (3.3) and then, for each test function, the interval was set as approximately
double that value, in order to make sure a proper configuration is included into the ones generated
by the LHD. For F'1 and F'5 with 2 variables, the upper bound is set to 25, for F'2, F'3 and F'6
it is set to 5 and for F'5 with 10 variables, the value is set to 40.

There are 30 LHD points considered for each test function and for each of the considered
techniques and every configuration is replicated 30 times: The mean, best and worst values of the
detected peaks are recorded.

The semi-automated tuning method of sequential parameter optimization (SPO), see
[Bartz-Beielstein et al., 2004b], is utilised for the optimization of F'5 function with 10 variables as
there was space for improvements in the results given by LHD. The method starts with 100 LHD
points, each repeated 4 times. The total budget of runs was set to 1000 and the model reduces
the noise by incrementally increasing the repetition of runs up to the maximum value of 30.

A technique is considered to be successful for a test function when there exists at least one
individual in the population of the last generation that is situated in the basin of attraction of
that optimum with an accuracy closer than 10~! to it. If the purpose for a certain function is
to reach one optimum (out of many), then the average fitness evaluation out of the 30 repeats is
outlined for direct comparison, while when several optima are to be found, the average number

of detected optima is used as the comparison criterion.

Results and Visualization: Table 7.1 outlines the results obtained from the considered LHDs.
All functions are considered for maximization, meaning that higher values correspond to better
results. The average results from the best and worst configurations, as well as the average over
all design points are shown.

Results for the Waves function (F'1) prove that TSC performs significantly better than SCGA,
not only in average, where TSC detected 7.77 peaks and SCGA only 1.09, but also the average
result of the best TSC configuration is much better than the corresponding one from the SCGA
(9.9 and 2.8 respectively). The average results from all LHDs for F'2, as well as for F'6 indicate
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Table 7.1: Average, best and worst results obtained in 30 LHD points, each replicated 30 times.
While for F'1, F2 and F'6 the average number of detected peaks are reported, for F'3, F'4 and F'5

the best average fitness value is presented.

Test TSC SCGA

function Best Mean Worst Best Mean Worst
F1 9.9 7.7 1 2.8 1.09 0.96
2 5.96 4.63 1 5.8 1.91 1
F3, 2 var 2.8¢e+12 9.5e+09 2.3e+07 1.7e+10 6.4e+08 2.9e+04
F3, 10 var 3.4e+07  9.6e+02 1.31 5.1e+07 6.26 36.63
F4, 2 var 329.99 329.51 327.18 329.99 329.98 329.7
F4, 10 var 329.99 299.11 232.41 329.99 311.91 212.92
F5, 2 var -360.2 -480.09 -834.47 -390.88 -531.76 -709.9
F5, 10 var -991.67 -1268.11 -1659.12 -1036.95 -1289.49 -1867.09
F6 5.93 4.62 1 4.06 1.35 1

the fact that TSC performs better than SCGA.

When the aim is to find the global optimum, the two techniques are very competitive, with
minor differences for the highly multi-modal function F'5 in favour of TSC. None of the two
methods found the optimum in any run for F'5 with 10 variables.

The percent of runs out of the 30 repeats when the goal has been achieved is also measured
(Table 7.2). When a zero value is set in the table, it does not necessarily mean that the method
completely failed: For instance, if the goal is to find 6 optima, if only 5 of them are reached, the
run is considered as failed, but the average number of optima is recorded in Table 7.1. The same
idea in strengthened, i.e. when the task is to find several optima, TSC results outperform the
ones given by SCGA. The only test case when SCGA proved to be more accurate than TSC is
the F'4 function.

As regards the results obtained by SPO for F'5 with 10 variables, the global optimum still could
not be obtained, but the average results obtained by the LHD is improved for both techniques:
The best average value for TSC is -857.44, while the corresponding one for SCGA is -988.06. The

parameters found for TSC are the following;:
e Population size: 161
e Crossover probability: 0.16

e Mutation probability: 0.38

Mutation strength: 9.57

Number of gradations: 2

while the detected ones for SCGA are:
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Table 7.2: The percent of runs in which the goal has been achieved. Outlined results are obtained

from the same configurations given by LHD, each repeated 30 times.

Test TSC SCGA
function Best Mean Worst Best Mean Worst
F1 93.33  22.78 0 0 0 0
F2 96.66  33.33 0 80 8.33 0
F3, 2 var 100 100 100 100 99.88  96.66
F3, 10 var 100  86.44 0 100  70.88 0
F4, 2 var 100 78.22 0 100 98.88  66.67
F4, 10 var 100 4.33 0 100  33.67 0
F5, 2 var 76.67  20.22 0 76.67 < 21.22 0
F5, 10 var 0 0 0 0 0 0
F6 96.67  32.22 0 6.67 0.22 0

Population size: 167
e Crossover probability: 0.08

e Mutation probability: 0.51

Mutation strength: 11.74

e Radius: 23.68

Discussion: The main advantage of the TSC over SCGA is that the former does not make
use of a radius for separating the individuals in the population into subpopulations, but only
uses the fitness evaluations of some interior solutions to realise what is the geometrical form
of the landscape and, therefore, create subpopulations which include individuals that track the
same peak. On the other hand, TSC has the disadvantage that it uses a higher number of
fitness evaluations just for separating the subpopulations, while the SCGA does not spend any
of the fitness evaluations in its budget for this purpose. Note, however, that in the undertaken
experiments, the same budget of 3- 10* fitness evaluations was set and the results clearly indicate
that TSC performs better than the SCGA.

TSC does not make use of a radius, but it has an integer parameter, which is the number of
gradations. It is obvious that the number of gradations parameter is easier to be set than the
radius in the SCGA case, as the former is a positive integer value, while the latter is a positive
real number. However, further on, this dependence of the model on its specific parameter is

investigated.

7.4.2 Model Dependence on Radius/Number of Gradation Parameters

Pre-experimental planning: The formation of subpopulations by only taking the fitness land-

scape into consideration and not relating to a radius can be a good advantage. In order to ensure
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that, two of the previous test functions are considered for both TSC and SCGA, e.g. F2 and its
shifted version, F'6. While TSC should behave in a similar manner for the two functions, as there
is the same fitness landscape, it is expected that SCGA is sensitive to the fact that the optima in
F'6 are not equally distant.

On the other hand, as SCGA did not perform well for F'1 function in the first experiment,
finding a proper value for the radius and then investigating how dependent the method is on the

values of this parameter is of great interest.

Task: Investigate how sensitive the two compared techniques are on the specific parameters:
radius and number of gradations. On the one hand, the results given by the two techniques for
F2 and F6 test functions are recorded and, on the other hand, different values are tried for the

radius/number of gradations in case of F'1 test function.

Experimental Setup: The same LHD points are considered for comparing the results for F'2
and F6.

In order to find the best values for the radius/number of gradations, the best LHD configura-
tion found in the previous experiment is used for all the parameters, except the two investigated.
While for TSC, the number of gradations is tried for all possible values (1, up to 15), for the
SCGA, the radius is exponentially scaled in the following manner: the starting value for the ra-
dius is computed using the Deb and Goldberg formula (3.3) in chapter 3 and then the value is
multiplied with integer powers of 2 taken from the interval {-7, -6, ..., 6, 7}.

Results and Visualization: Regarding the first comparison of the results obtained by T'SC and
SCGA over F2 and F6 respectively, one can visualize the results in Tables 7.1 and 7.2. While
TSC has approximately the same results for the two functions, SCGA shows a decrease in results
when the optima are not equally distant, i.e. in the case of F'6 function.

Results obtained for F'1 by SCGA with different values for the radius parameter are shown in
Figure 7.2. For each configuration, 30 repeats are performed. The actual value found using Deb
and Goldberg formula is approximately 0.5. It can be clearly seen however from the figure that
the best average result is not obtained for this value, but for smaller ones. None of the considered
values for the radius was proper for detecting all 10 optima the test function has. Moreover, when
the value for the radius is higher than 1, the number of detected optima is decreased to only
approximately one optimum.

Figure 7.3 outlines the average number of optima detected when trying different values for the
number of gradations parameter within TSC. As it can be seen, by increasing the value of the
number of gradations from 2 up to 13, more than 9.6 optima are detected in average for 30 runs

per configuration.

Discussion: Both assumptions within the current experiment proved to be verified: On the one
hand, TSC is independent of the fact of whether the optima are equally distant or not, while
SCGA is very sensitive to such changes of the peak location. This is an important drawback of
the SCGA as there can be very seldom the case that a real-world problem has equally distant
optima. On the other hand, it could be noticed that T'SC does not depend very much on the
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value that is chosen for the number of gradations parameter, while the picking of the right value

for the radius parameter within SCGA is vital in obtaining good results.

7.5 Summary

In current chapter a new hybridized evolutionary technique for multi-modal optimization, namely
topological species conservation, is proposed. The method is described in detail, it is tested for
the optimization of several benchmark functions and results are directly compared to the better
one of the parent techniques. Results proved that the new technique both gets rid of a crucial

parameter and performs significantly better than the parent approach.

7.6 Future Work

A first step to extend the current work would be to consider more irregularly formed and /or spaced
test problems in order to see where the turning point between the TSC and the original SCGA is.
It may also be useful to drive the hybridization even further and insert techniques based on relative
(instead of absolute) distances into the TSC. Currently, only main parameter effects have been
investigated. Once the parameter interactions are understood better, adding mutation step size

adaptation mechanisms will surely open a path leading to substantially increased performance.



CHAPTER 8

CONCLUSIONS AND FUTURE WORK

Current work is concentrated on author’s research within the field of evolutionary computation.
Two goals were envisaged: the development of new, powerful evolutionary techniques for multi-
modal optimization problems and the application of newly or existing evolutionary methods for

real-world problems, precisely for classification.

8.1 Achievements

The thesis firstly presents an evolutionary computing background and then continues with the
outline of the most commonly used and recently developed evolutionary techniques for multimodal
optimization. It subsequently goes on by gradually introducing the author’s research in the field

since he engaged into PhD training.

e Genetic chromodynamics represents a source of inspiration for the development of two new,
more efficient methods for multimodal optimization. One of them integrates within the
original algorithm a procedure that resembles crowding, fact that changes the consideration

of each individual in turn into a random selection of solutions.

¢ Additionally, some more fine tuning for the final solutions is envisaged in another variant of
the technique that is built upon the already developed one: When solutions remain alone
in each niche, mutated clones of them are inserted, only if they are fitter than the existing

solutions.

e The first novel genetic chromodynamics variant is then used as an engine for a classifier that
is applied to real-world data sets. The classifier is employed to create if-then rules that are

trained using a part of the data set and are then tested on previously unseen data.

e Cooperative and competitive coevolution are considered herein as mechanisms for two dif-

ferent classifiers.

e A hybridization between two multi-modal techniques, the species conservation genetic al-
gorithm and the multinational algorithms, is then investigated, resulting in the novel topo-

logical species conservation.

95
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8.2 Remarks

A set of conclusions arise from the undertaken experiments:

e The goal of the GC with crowding technique was to maintain the ability of the original
GC to find and preserve the global/local optima and additionally speed up the process.
The experiments on function optimization proved that this especially happens especially for

highly multi-modal problems and larger number of dimensions.

e Although accuracy is further increased in the case of the cloning GC variant, the method

proves to be more expensive, especially when the number of considered clones is high.

e The coevolutionary classifiers are validated against several benchmark data sets and even
on other raw collections. Their performance proved to be viable as compared to existing
state-of-the-art techniques with the exception of the competitive approach that has not been

largely tested in order to identify and remove its weaknesses.

e Topological species conservation proved to be independent of the fact of whether the optima
in the fitness landscape are equally distant or not, while the species conservation genetic
algorithm (the more efficient of the two parent techniques) is very sensitive to such changes
of the peak location. Plus, the proposed method is not hard to be parameterized, fact that

also places it above the parent techniques.

8.3 Further Enhancements

There are some problems that remain open for the future research. As one of the targets of the
thesis is to develop evolutionary techniques for classification problems, the creation of complete
and as easy to adjust as possible techniques is desired, i.e. with a minimum number of evolutionary
parameters to be set. One of the parameters that is very much dependent of the problem is the
mutation strength: Adding an adaptation mechanism for it would not only open a path leading
to substantially increased performance, but also ease the work of the user.

The identification of the drawbacks that exist within the competitive approach for classification
is also envisaged. A new classification tool that would incorporate both the cooperative and
competitive approaches could be a winning combination as it would resemble the situation from
the evolution in nature more.

Another task that remains for future work is the development of a tool for detecting whether
there exist a very high number of local and/or global optima or not. Knowing this information
in advance can be very valuable for a technique dealing with a specific problem: It can help in
setting then the proper values for parameters or even in deciding the method that should be
employed for solving the problem. The topological species conservation could represent a good

starting point for this purpose as it keeps track of all the different detected peaks and, if it were
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not for the maximum number of seeds parameter, it would decide from the very early stages of

the evolutionary process how many different niches exist in the solutions search space.



APPENDIX A

CONSIDERED TEST FUNCTIONS SUITE

In the undertaken experiments, all functions were considered for maximization. However, in this
section, they are outlined in the form they are usually encountered in the literature, that is, for
most of them, for minimization. The only function among the presented ones that is proposed

for maximization is the Waves function (F'5).

1. Sphere (De Jong) function
FUZ) =) («7) (A1)

where —5.12 < z; < 5.12.

Although most of the tests are carried out to outline the ability of the techniques to deal
with multimodal functions, F1 is considered to show that even in case of only one optimum,

the considered methods still perform sufficiently well.
2. Himmelblau function
F2z,y) = (2*+y—11)° + (z+y* = 7)° (A.2)
where -4 < x <4 and -6 <y < 6.

Himmelblau function has four global optima, F2(z,y) = -200. The peaks are located on an

almost plate platform and the four hills are barely observable.
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Figure A.1: De Jong function for n = 2.
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Figure A.2: Himmelblau function.
Table A.1: All 6 optima of the Six-Hump Camel Back function
Optimum type Point F3 value
Global (-0.0898, 0.7126) 1.0316
Global (0.0898, -0.7126) 1.0316
Local (-1.7036, 0.7961) 0.2155
Local (1.7036, -0.7961) 0.2155
Local (-1.6071, -0.5687) -2.1043
Local (1.6071, 0.5687) -2.1043
3. Six-Hump Camel Back function
LA 2 2
F3(z,y) = (4 — 212" + E):J: +axy+4(y°—1)y (A.3)

where-1.9 <z <19and-1.1 <y < 1.1.

The aim for the Siz-Hump Camel Back function is to locate the two global optima and the
four other local optima. (Table A.1). The main issue here is that the two local optima with
the same value -2.1043 are not much higher than their neighboring regions and thus can

easily be missed by a multimodal evolutionary algorithm.

. Shifted Six-Hump Camel Back function
4
Fa(z,y) = (4 —2.12% + %)aﬂ + 102y + 4(100y2 — 1)100y> (A.4)

where -1.9 <z < 1.9 and -0.11 < y < 0.11.

Having equally distant optima would advantage a radii-based techniques as a proper value
for the radius would aid in detecting all peaks. Plus, as real-world problems do not usually
have a regular fitness landscape, F'3 is rescaled to F'4 in order to have the optima, two by
two more distant from each other. However, the graphical representation looks very similar

to that of the standard formulation.
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Figure A.4: Waves function.

5. Waves function
FA(z,y) = (0.32)% — (y* — 4.5y)zy — 4.7cos(3z — y(2 + z))sin(2.511x)) (A.5)

where =09 <z <1.2,-1.2<y<1.2.

Waves function contains 10 optima to be detected, some of which being even more difficult
to find as they lie on the border or on flat hills. F'5 function is asymmetric and contains an
irregularly formed basin structure which proves to be very misleading especially for radius

based evolutionary techniques (see Chapter 7).

6. Schaffer function

;2
F6(z,y) = 0.5+ ilanr(oV.oxoiz; Qy? ;25’)2 (A.6)
where -20 < z < 20 and -20 < y < 20.
The aim for the Schaffer function is to detect the global optimum Fg(z,y) = 0 that can be
escaped because of the high number of local optima around it and because the difference
between the values of the local optima and the value of the global optimum is very small
(of order 1073).
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Figure A.5: Schaffer function for n = 2.

Figure A.6: Schwefel function for n = 2 ; right most, the global optimum.

7. Schwefel function (100D)
F7(7) = 418.9829n + > _ —a;siny/|xi] (A7)
i=1

where -500 < z; < 500 and i € {1,2,...,n}.

Schwefel function is a well known benchmark function which is very misleading for evolu-
tionary algorithms; it has a high number of local optima and the global one (F7(Z") = 0)

can easily be missed.

8. Rastrigin function
n
F8(7) = —20— > (—=} + 10cos(211x;)) (A.8)
i=1
where —5.12 < z; < 5.12.
The difficulty with the Rastrigin function is that the global optimum is surrounded by a large
number of very close local optima with only a small difference in their values as compared

to it.
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Figure A.8: Shifted Rastrigin function for n = 2.

9. Shifted Rastrigin function

F9(7) = i(x? — 10cos(2I1x;) + 10) + f_bias (A.9)
i=1

where —5 < z; < 5.

The complete description for both the shifted Rastrigin and the rotated hybrid composition
functions can be found in [Suganthan et al., 2005], as they are part of a set of 25 benchmark
problems used in a contest during CEC 2005 (shifted Rastrigin can be identified as Fy in
the cited technical report). The difficulty with the shifted Rastrigin function is again that
the global optimum is surrounded by a large number of very close local optima with only a

small difference in their values as compared to it.

10. Rotated hybrid composition function

F10 function represents a composition of 5 functions: Ackley, Rastrigin, Sphere, Weierstrass
and Griewank, where —5.12 < z; < 5.12. According to the description in [Suganthan et al., 2005],
it has a huge number of optima, different functions properties are mixed together, sphere

function adds some flat areas and a local optimum is set on the origin. 11 algorithms were
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Value

Figure A.9: F11 for n = 2.

tested in the CEC 2005 contest mentioned above and none of them was able to find the

global optimum in any run when 10 dimensions were considered.



APPENDIX B

REAL-WORLD PROBLEMS ADDRESSED IN

THE T HESIS

There are five data sets for classification considered in current work, three coming from the
University of California at Irvine (UCI) Repository of Machine Learning Databases' and two
with raw information.

The three widely used benchmark classification problems from UCI are Fisher’s Iris, Pima-
Indian Diabetes and Breast Cancer data sets. Some of their features are described in the next
four subsections.

With the purpose of testing on an unpredictable environment that is usually associated with
raw data, a practical data set containing e-mails of both kind, regular and undesired ones (spam),
represents the fifth problem which is further described. Additionally, a real-world medical data

set, courtesy of the University Hospital in Craiova, Romania, is also considered.

B.1 Fisher’s Iris data set

There are 150 samples with 3 possible classes pertaining to this data set. Each class refers to a
type of iris plant, namely Iris Setosa, Iris Versicolour and Iris Virginica. Each sample consists of
4 attributes which denote the length and width for petals and sepals of the iris flowers. Samples

are equally distributed among classes and the intervals of the four attributes are balanced.

B.2 Pima-Indian Diabetes data set

The Diabetes data set was given to the UCI repository by the Johns Hopkins University. Prior
to that, the university selected cases from a larger database owned by the National Institute of
Diabetes and Digestive and Kidney Diseases to create it.

All objects in the data set represent females of at least 21 years age, of Pima Indian heritage,
living near Phoenix, Arizona, USA. For each object in the data set, there are 8 attributes (either

discrete or continuous) containing personal data, e.g. age, number of pregnancies, and medical

! Available at http://www.ics.uci.edu/~mlearn/MLRepository.html
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Table B.1: Attributes and their corresponding ranges in Pima Diabetes problem and a brief

statistical analysis of the attribute values

Attribute Interval Mean Standard deviation
Number of times pregnant [0, 5] 3.8 3.4
Plasma glucose concentration in an oral glucose tolerance test [0, 199] 120.9 32
Diastolic blood pressure [0, 122] 69.1 19.4
Triceps skin fold thickness [0, 99] 20.5 16

2-Hour serum insulin [0, 846] 79.8 115.2

Body mass index [0, 67] 32.0 7.9
Diabetes pedigree function [0.078, 2.42] 0.5 0.3

Age 21, 81] 33.2 11.8

data, e.g. blood pressure, body mass index, result of glucose tolerance test etc (see Table B.1).
The last attribute (the outcome) is a discrete one - the diagnosis, which is either 0 (negative) or
1 (positive). 34.9% of the cases in the data set are assigned diabetes positive. The total number

of cases is 768.

B.3 Breast Cancer data set

The data set was obtained from the University of Wisconsin Hospital, Madison, USA, from
Dr. William H. Wolberg. It contains 699 observations on 9 discrete cytological factors. The
factors that influence the diagnosis are: clump thickness, uniformity of cell size, uniformity of cell
shape, marginal adhesion, single epithelial, cell size, bare nuclei, bland chromatin, normal nucleoli,
mitoses; all attributes have the same domain between 1 and 10. The objective is to identify
whether a sample corresponds to either a benign or a malignant tumour. Class distribution is
65.5% for benign and 34.5% for malignant. There are 16 missing values for attribute 6. In all

experiments, they are replaced by the average value for that attribute.

B.4 Spam raw data set

The considered data is extracted from e-mails in the test collections available at
http://spamassassin.org/publiccorpus. The data on which the experiments were conducted com-

prises of 1000 e-mails, 500 for each category, spam or non-spam.

B.5 Hepatic Cancer Early Diagnosis

Data is collected from the University Hospital in Craiova, Romania. Hepatocellular carcinoma
(HCC/hepatoma) is the primary malignancy (cancer) of the liver that ranks fifth in frequency
among all malignancies in the world. In patients with a higher suspicion of HCC, the best method
of diagnosis involves a scan of the abdomen, but only at a high cost. A cheap and effective

alternative consists in detecting small or subtle increases for serum enzymes levels. Consequently,
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based on a set of 14 significant serum enzymes, a group of 299 individuals and two possible
outcomes (HCC and non-HCC), the aim is to provide an efficient computational means of checking

the consistency of decision making in the early detection of HCC at a significantly low expense.
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