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Abstract

A metaheuristic is a general algorithmic framework that can be easily adapted
to many different optimization problems for which exact/analytical approaches
are either limited or impractical. There are two main approaches used to
create new metaheuristic implementations: manual design, which is based on the
designer’s “intuition”—often involving looking for inspiration in other fields of
knowledge—and automatic design, which seeks to remove human intervention
from the design process by harnessing recent advances in automatic algorithm
configuration methods and machine learning. Compared to manual design,
which is typically time-consuming and error-prone, automatic design is often
much more efficient and has advantages, such as removing biases from the
creation process and increasing the flexibility with which new metaheuristic
designs can be explored. Yet, to this day, the vast majority of metaheuristics
proposed in the literature are still created by algorithm designers who manually
define the different components that make up the implementation based on
their knowledge (empirical, theoretical or intuitive) and/or by considering new
sources of inspiration.

The main topic of this thesis is how to improve the way we create metaheuris-
tics by replacing manual design with automatic design. We focus especially on
those cases where the use of manual design involves taking inspiration from
natural and even supernatural behaviors, since this approach has been used
intensively in the last two decades, spawning hundreds of so-called “novel”
metaphor-based metaheuristics. Unfortunately, for the vast majority of them,
it is still unknown what is their real novelty apart from the use of the new
metaphors. In order to put an end to this situation and, indeed, to try to remedy
it, we advocate for replacing “intuition” and “new sources of inspiration” with
automated design methods. To demonstrate the feasibility of this approach and
its advantages, we develop a metaheuristic software framework with a modular
design, that is coupled with an automatic configuration tool and allows to
automatically create high-performing implementations with novel designs.
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vi ABSTRACT

In the first half of this doctoral thesis, we focus on studying how the process
of designing metaheuristics has changed over the years. In doing so, we identify
the limitations of the approach of looking for inspiration in other fields of
knowledge and establish clear criteria to determine the cases where considering
introducing new metaphors makes sense and those where it does not. In this
endeavor, we rigorously analyze some of the most widespread and highly-cited
“novel” metaphor-based metaheuristics proposed in the last years, and compare
their components with those defined in some of the best-known metaheuristics
that have been proposed in the literature. We show that, despite being presented
as novel optimization techniques, they are in fact the same as, or at best minor
variations of, classic approaches, many of which were proposed years, or even
decades, before the “novel” metaheuristic were published.

In the other half of this thesis, we explore the use of automatic design as a
powerful alternative to manual design, that has also the potential of rendering
the need to find new sources of inspiration obsolete. We describe how modular
metaheuristic software frameworks are created, what are their advantages and
challenges, and why they are the most efficient way we have at the moment to
try to come up with new metaheuristic designs. Successfully, we experimentally
demonstrate that the metaheuristic software framework for particle swarm
optimization that we developed in the context of this research work can be
used to create high-performing implementations whose design had never been
considered before in the literature, without the need for introducing new sources
of inspiration, or any other kind of manual intervention. This doctoral thesis
concludes by: (i) identifying ways in which some of the fundamental aspect of
the broad field of metaheuristics can be improved; (ii) discussing the research
contributions presented in this work; and (iii) identifying some research paths
that can be explored in the future to give continuation to this work.
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Chapter 1
Introduction

Optimization is a vast research field with hundreds of years of history that
deals with a large variety of optimization problems and solution methods.
Although the early days of optimization were characterized by the development
of algorithms that could find optimal solutions, it eventually became clear that
many optimization problems cannot be efficiently solved to optimality. Well-
known examples of such problems are multimodal non-differentiable functions
in the continuous optimization domain (Andréasson et al. 2020; Luenberger, Ye,
et al. 2016), and NP-hard problems in the discrete optimization domain (Garey
and Johnson 1979; Papadimitriou and Steiglitz 1982; Tovey 2002). With the
advent of ever more powerful computers, heuristic algorithms rapidly became
the mainstream approach to deal with difficult optimization problems, replacing
in many cases the use of exact algorithms. In other words, the focus of the
research moved from the design and development of algorithms that find the
best solution, to the design and development of algorithms that can rapidly
provide solutions that are very good, although not provably optimal. Since
the seminal work by Glover (1986), the most used term to refer to this type of
algorithms is metaheuristic.

There have been many attempts to provide a definition of the term “meta-
heuristic” that is at the same time precise and allows to include all the diverse
metaheuristics that have been proposed in the literature. The definition pro-
vided by the Metaheuristics Network (Metaheuristics Network. Project Summary
n.d.), which is the one we adopt in this work, is:

“A metaheuristic is a set of algorithmic concepts that can be used
to define heuristic methods applicable to a wide set of different
problems. In other words, a metaheuristic can be seen as a general

1



2 CHAPTER 1. INTRODUCTION

algorithmic framework which can be applied to different optimiza-
tion problems with relatively few modifications to make it adapted
to a specific problem.”

Some of the most popular and best performing metaheuristics currently avail-
able in the literature include evolutionary computation (Fogel et al. 1966; Hol-
land 1975; Rechenberg 1973; Schwefel 1977, 1981), tabu search (Glover 1989,
1990), simulated annealing (Cerny 1985; Kirkpatrick 1984), ant colony optimiza-
tion (Dorigo 1992a; Dorigo et al. 1991b; Dorigo and Stiitzle 2004), particle swarm
optimization (Eberhart and Kennedy 1995; Kennedy et al. 2001; Kennedy and
Eberhart 1995) and iterated local search (Ramalhinho Lourenco et al. 2002).

Over the years, the research on the different metaheuristics accumulated
into a plethora of different metaheuristic implementations in which the con-
cepts defining the metaheuristic (also called metaheuristic components) were
implemented in many different ways, with the goal of improving the efficiency
of the corresponding metaheuristic implementations. Researchers started then
to create new metaheuristic implementations that were no longer just proposing
new ways of implementing the metaheuristic components, but that were also
reusing components proposed in previous metaheuristic implementations. This
greatly increased the number of design choices to be made when creating a
new metaheuristic implementation. Thus, it became less and less efficient to
approach the creation of metaheuristic implementations manually—i.e., by hand-
crafting one by one the different components that make up the metaheuristic
implementation.

In order to devise new metaheuristic designs, and motivated by the early
successes of metaheuristics that were inspired by natural processes, such as
evolutionary computation, simulated annealing, and ant colony optimization,
a fraction of the metaheuristics community has been proposing “novel” meta-
heuristics based on a disparate set of metaphors. Unfortunately, not only this
approach is just another instance of the inefficient manual design approach, but
it has also caused a number of undesirable consequences for the entire field.
Among them, one of the most negative is that, more often than not, the only
novelty in a proposed “novel” metaheuristic seems to be the use of new—and
often confusing—terminology that hides its similarities with already published
metaheuristics and algorithms (Aranha et al. 2022; Armas et al. 2022; Campelo
and Aranha 2021a; Lones 2020; Piotrowski et al. 2014; Sorensen 2015; Thymianis
and Tzanetos 2022; Tzanetos and Dounias 2021; Weyland 2010).



1. INTRODUCTION 3

The initial motivation for this research is the need to better understand the
problem of the so-called “novel” metaphor-based algorithms and, in particular,
the causes that led to the intensive use of an approach that often seems to
lack any scientific motivation. To do so, in Chapter 2, we begin by studying
some of the classic metaphor-based metaheuristics published in the literature.
For each of them, we illustrate how the natural metaphor was of paramount
importance to their development, identify the algorithm concepts that have
been proposed in them, and explain how these concepts are used to perform
optimization. In Chapter 3, we discuss the two main approaches to design
metaheuristics and highlight their upsides and downsides. Based on all this
necessary background, in Chapter 4, we examine in great detail the problem
of the “novel” metaphor-based metaheuristic and explain why these “novel”
metaheuristics are so problematic, what are the negative consequences they
have created, and what efforts have been conducted so far by the scientific
community to address them.

Another important motivation for this research is the need to clarify the real
novelty of the hundreds of “novel” metaphor-based metaheuristics proposed
in the literature. Therefore, a substantial part of this work has been devoted
to perform rigorous, component-based analyses of these metaheuristics. We
present these analyses in Chapters 5 and Chapters 6. Our findings are similar
to those found by other rigorous analyses (see, e.g., (Piotrowski et al. 2014;
Weyland 2010)): the studied “novel” metaheuristics can be exactly mapped to
already published techniques just by rephrasing the terminology used to de-
scribe them (Camacho-Villalén et al. 2018, 2019, 2022a, 2023, 2020). Even though
these analyses are just a few compared to the number of “novel” metaheuristics
already published in the literature (which is around 500), their contribution to
the research community is relevant in our opinion, as they present concrete
instances of the problem and help to raise awareness about their negative
consequences.

Whereas Chapters 2 — 6 aim at providing the reader with a clear account
of the problem that is tackled in this work, Chapters 7 and 8 are dedicated
to propose possible solutions. In particular, we consider the use of automatic
algorithm design methods as a way to avoid altogether the approach of look-
ing for inspiration in other fields of knowledge to try to come up with new
metaheuristic designs. Automatic design, whose fundamentals are given in
Chapter 3, is a relatively recent approach in which manual human intervention
is increasingly less important (Stiitzle and Lopez-Ibafiez 2019) and the need for
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novel metaphors disappears. The development of these automated methods and
their application to create efficient metaheuristic implementations is nowadays
a central topic in the field of metaheuristics.

In Chapter 7, we describe how the automatic design approach is being used
to create the new generation of high-performing metaheuristic implementations.
Then, in Chapter 8, we present PSO-X, a metaheuristic software framework for
particle swarm optimization that was developed in the context of this research
and that includes a large number of components proposed for this metaheuristic
that cover more than 20 years of its research and developments. The motivation
for proposing PSO-X goes beyond putting together many different variants
proposed for particle swarm optimization in one single place. We also aimed at
providing the metaheuristics community with a tool from which it was possible
to automatically instantiate a number of metaheuristic implementations that,
according to our analyses, are variants of particle swarm optimization. We
discuss the potential of PSO-X to do this at the end of Chapter 8.

Finally, in Chapter 9, we reflect on some of the fundamental aspect of the
broad field of metaheuristics that we believe should be re-thought in order
to continue pushing the field forward. This chapter elaborates on why we
should (i) focus on experimentally- or theoretically-driven research rather than
on purely application-driven research and competitive testing; (ii) use state-of-
the-art benchmarking practices to evaluate metaheuristics; and (iii) use modern
tools and mechanisms to automatically create high-performing metaheuristic
implementations. In Chapter 10, we present the conclusions of this thesis and
identify future research directions.

1.1 Preview of Contributions
The following is a summary of the contributions presented in this thesis:

A detailed review of the way metaheuristics are designed: We provide a
detailed review of the two main approaches used to design metaheuristics (i.e.,
manual design and automatic design) in which we contrast their benefits and
challenges.

Perspective for the field of metaheuristics: We present a critical perspective
for the field that discusses fundamental aspect that can be improved in order
to solve the issue of the “novel” metaheuristics and continue pushing the field
forward.
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necessary actions to address them. This open letter was signed by more than 90
scientist and practitioners working on the field of metaheuristics.

* Aranha, Claus, Camacho-Villalén, Christian Leonardo, Campelo, Felipe,
Dorigo, Marco, Ruiz, Rubén, Sevaux, Marc, Sorensen, Kenneth, and
Stiitzle, Thomas (2022). “Metaphor-based Metaheuristics, a Call for Action:
the Elephant in the Room”. In: Swarm Intelligence 16.1, pp. 1-6.

PSO-X: We introduce PSO-X, a novel modular, automatically configurable
metaheuristic framework that includes a repertoires of components proposed
particle swarm optimization for over 20 years. This framework allows to auto-
matically generate high-performing implementation without the need of human
intervention and, by extension, without having to introduce new metaphors.
¢ Camacho-Villalén, Christian Leonardo, Dorigo, Marco, and Sttitzle,
Thomas (2022c). “PSO-X: A Component-Based Framework for the Au-
tomatic Design of Particle Swarm Optimization Algorithms”. In: IEEE
Transactions on Evolutionary Computation 26.3, pp. 402—-416.



Part I

Background






Chapter 2

Optimization Problems and
Metaheuristics

2.1 Optimization Problems

Optimization problems arise in all domains and fields, and consist in finding
solutions that are optimal or near-optimal with respect to some goal (Rothlauf
2011). To give a few examples, we can consider someone with a limited budget
trying to get as many items as possible on a shopping list, an e-commerce
company selecting the routes for a fleet of vehicles serving customers in different
geographical zones, or an engineer designing the chassis for a new car. In
the optimization literature, these problems are known, respectively, as the
“knapsack problem” (Garey and Johnson 1979), the “vehicle routing problem”
(Dantzig and Ramser 1959), and as an “engineering design problem” (Deb 2012).
Even though we may not think much of it, being able to solve increasingly
difficult optimization problems has been instrumental in virtually all areas of life,
such as technology, manufacturing, supply chain, health care, finance, education,
commerce, etc. In addition to their practical relevance and complexity, that we
discuss below, the initial distinction that can be made between optimization
problems is based on the domain of their solution variables, which can be
discrete, continuous, or a mix of the two.

In combinatorial optimization problems, the goal is to find groupings, or-
derings or assignments of a discrete, finite set of values that satisfy some given
conditions. In formal terms, a combinatorial optimization problem can be
modeled as a tuple IT = (S, (), f), where:

* S is the search space (also called the decision space) of the problem, and it

9
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is defined by a finite set of n decision variables, x1, ..., x;, each with its
own domain, typically a subset of Z;

¢ () is a set of constraints among the decision variables; and
¢ f:S5 — Ris an objective function that maps S to R.

A feasible solution to a combinatorial optimization problem is given by assigning
a possible value to each variable x; in S, for i = 1,...,n, that satisfies the
constraints in ().

Many combinatorial optimization problems are NP-hard, which means
that the computational effort required to solve them grows exponentially with
the size of the problem instances (Garey and Johnson 1979; Papadimitriou
and Steiglitz 1982). Some well-known examples of NP-hard combinatorial
optimization problems are: the traveling salesman problems, which involve
finding shortest tours on graphs; the Boolean satisfiability problems, which
involve finding models of propositional formulae; and job-scheduling problems,
which involve creating schedules for jobs to be processed by a number of
machines.

On the other hand, in continuous optimization problems, the goal is to find
real-valued vectors that minimize/maximize a continuous function. Without
loss of generality, we consider minimization problems, where the goal is to
minimize a d-dimensional continuous objective function f : S C RY — R by
finding a vector 0 € S, such that VX € S, f(0) < f(X). The search space S is a
subset of R in which a solution is represented by a real-valued vector ¥, and
each component x/ of ¥ is constrained by a lower and upper bound such that
Il < xI < ubl, for j=1,...,d. The vector 0 represents the solution for which
the evaluation function f(-) returns the minimum value. For a maximization
problem, the obvious adaptation consists in using —f(-) instead of f(-).

Finding optimal solutions to continuous optimization problems can be very
difficult, if not impossible, when the problems are not well-structured (i.e., when
the objective function is not explicitly known) or when there are constraints
on their decision variables (Luenberger, Ye, et al. 2016; Rothlauf 2011). Some
classical examples of optimization problems in continuous domains that are
difficult to solve are engineering design problems (such as airfoils, springs,
vessels, etc.), financial problems (such as portfolio selection and index tracking
problems), and parameter optimization problems in black-box scenarios! (such

1Optimization problems in black-box scenarios are those in which the objective function of
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as managing power grids and developing personalized health-care treatments).

Over the years, many different methods have been developed to solve
optimization problems. Some of these methods are exact, i.e., they guarantee to
find the optimal solution; while others are heuristic or metaheuristic, i.e., they are
intended to find good solutions in short computational times without offering
any guarantees about their optimality. While both exact and (meta)heuristic
approaches have advantages and disadvantages, the decision of which method
to use typically depends on the complexity of the optimization problem.

For example, if the considered problem turns out to be NP-hard, an exact
algorithm such as branch and bound will not be able to solve a large instance of
the problem to optimality because the time taken by this method to find such an
optimal solution will grow exponentially with the size of the problem instance.
A similar scenario is obtained when dealing with continuous, non-differentiable,
multimodal functions, although, in this case, the problem is that applying
analytical/numerical methods, such as calculating the Hessian matrix of the
objective function or applying gradient search, requires a large computational
effort and it is limited to small areas of the search space where the optimal
solution is believed to be found. The notions of what makes optimization prob-
lems difficult to solve are established in the theory of computational complexity
(Garey and Johnson 1979; Papadimitriou and Steiglitz 1982; Tovey 2002), the
approximation theory (Powell et al. 1981) and in the study of non-linear systems
(Luenberger, Ye, et al. 2016).

To summarize, in many optimization problems of practical relevance—such
as selecting the routes for a fleet of vehicles, distributing a budget across the as-
sets of an investment portfolio, and selecting the parameter values that result in
the desired properties for a design—the task of finding the optimal solution can
be extremely difficult with today’s solution techniques and available computing
power. Therefore, in these cases, we have to rely on methods that are capable of
finding solutions that are good enough for whoever (the person/organization)
is interested in solving the optimization problem, regardless of whether the so-
lutions are optimal or not. Metaheuristics, which are described in the following,
are such methods.

the problem can be queried but it is not explicitly formulated (Audet and Hare 2017).
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2.2 Metaheuristics

Broadly speaking, metaheuristics are optimization techniques that extract infor-
mation from the search space and use it to direct the search towards areas where
high quality solutions can be found. Most metaheuristics have the following
characteristics: they are iterative—that is, solutions are constructed/perturbed
based on starting points or complete initial solutions by an optimization process
that consists of a number of steps that repeat for multiple iterations; they use
randomization—that is, they make use of random variables in one or more of
their components; and they have a user-defined termination criterion—e.g., reach-
ing a maximum amount of computational time or obtaining a solution of a
minimum desired quality.

Metaheuristics can be classified in many different ways. For example, they
can be constructive or perturbative, depending on the way they create new
candidate solutions; they can be memory-based or without memory, depending
on whether they memorize solutions (or solution components) or not; and they
can also be metaphor-based or non metaphor-based, depending on their source
of inspiration. However, one of the most frequently used ways to tell them
apart is given by the number of solutions handled in each iteration, that is,
by distinguishing between those that are single-solution and those that are
population-based.

In single-solution metaheuristics, the optimization process is based on one
single solution that is iteratively improved by making small changes to it. Ex-
amples of this type of metaheuristics are tabu search (Glover 1989), simulated
annealing (Cerny 1985; Kirkpatrick et al. 1983) and iterated local search (Ra-
malhinho Lourenco et al. 2002). Differently, population-based metaheuristics
maintain multiple solutions in parallel that are combined to create new solu-
tions. Most swarm intelligence (Blum and Merkle 2008; Bonabeau et al. 1999;
Dorigo and Birattari 2007; Kennedy et al. 2001) and evolutionary algorithms
(Fogel et al. 1966; Holland 1975; Rechenberg 1973; Schwefel 1977, 1981) belong
to this class.

Population-based and single-solution metaheuristics have different, often
complementary, optimization capabilities. For example, while population-based
metaheuristic are typically better at exploring the search space and quickly
identifying some of its most promising regions, single-solution metaheuristics
tend to be more effective when it comes to improving existing solutions. Thus,
it is quite common to combine these two types of metaheuristics in order to
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produce metaheuristic implementations that are better equipped to perform
robust optimization. Two ways of doing so are component-based hybrids, where a
population-based metaheuristic includes a single-solution metaheuristic as an
additional component in its procedure, and algorithm-sequential hybrids, where
one metaheuristic is executed after the other with the output of a metaheuristic
becoming the input of the next metaheuristic in the sequence (Blum and Roli
2008; Talbi 2013).

Although the vast majority of metaheuristics share the same high-level
characteristics (i.e., iterative, randomization and user-defined termination criterion—
as mentioned above), they can differ in all kinds of aspects, including the
specific mechanisms they use to sample the search space, the way they organize
the search process, and the mechanisms they use to control the exploration
vs. exploitation trade-off. In a number of cases, the way these aspects are
designed in the metaheuristics is by taking inspiration from natural, social
or human-made processes. The metaheuristics that have been created using
the “inspiration-based” approach are commonly referred to as metaphor-based
metaheuristics (Sorensen 2015).

Indeed, the approach of looking for inspiration in other fields of knowledge
has been very important for designing some of the best performing metaheuris-
tics currently available in the literature. Already in the 1970s, the use of naturally
occurring optimization processes—such as evolution by natural selection that
inspired evolutionary computation (Fogel et al. 1966, Holland 1975)—to formulate
new optimization algorithms became appealing to researchers in the areas of
computer science and engineering. However, it was in the 1980s and early
1990s that the approach of looking for inspiration in other fields of knowledge
began to be explored vigorously in the field of optimization and became a major
driver of its development. Notably, during these decades, some thermodynamic
principles were used to develop simulated annealing (Cerny 1985; Kirkpatrick
et al. 1983), the foraging behavior of some ant species to develop ant colony
optimization (Dorigo 1992b; Dorigo et al. 1991b, 1996), and the dynamics and
social interactions of bird flocks to develop particle swarm optimization (Eberhart
and Kennedy 1995; Kennedy et al. 2001; Kennedy and Eberhart 1995).

Because of their success, these metaphor-based metaheuristics are currently
among the most extensively studied techniques in the optimization literature,
and we have therefore a reasonably good understanding of the way many of
them work. In fact, thanks to these studies, we now clearly understand that the
reason for their success has little to do with the fact of having found a new source
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of inspiration and much with the fact that they introduced novel and useful
algorithmic concepts that could be conveniently used for optimization purposes.
Unfortunately, this has not been understood by a part of the metaheuristics
research community that, as we already mentioned in the introductory chapter,
continues to propose “novel” metaphor-based metaheuristics whose sole novelty
is in the metaphor and terminology used to describe them.

The next sections present an overview of some selected metaheuristics in-
spired by natural behaviors. In particular, we focus on evolutionary computation
(EC) and swarm intelligence (SI), since they comprised some of the most suc-
cessful and well-studied metaphor-based metaheuristics. These metaheuristics
are also relevant for the analyses that we present in Chapters 5 and 6. For
each of them, we present their source of inspiration, describe their main meta-
heuristic components, and explain how these components are used to perform
optimization.

2.2.1 Evolutionary Computation

Evolutionary computation (EC) (Fogel et al. 1966; Holland 1975; Rechenberg
1973; Schwefel 1977, 1981) is one of the oldest metaphor-based metaheuristic
paradigms, whose foundations were inspired by the phenomenon of natural
evolution in biological species, such as the Darwinian survival of the fittest and
the genetic inheritance. According to natural evolution, species are in a constant
search to find useful adaptations to an environment that changes and that is
often complicated. Over time, these useful adaptations become traits that the
species develop, which are embodied in their chromosomes and represent the
“knowledge” that they have gained and allows them to thrive (Michalewicz and
Schoenauer 2013). The general procedure of an EC metaheuristic, also known
as evolutionary algorithm (EA), is the following:

As shown in Algorithm 1, in an evolutionary algorithm, solutions to the
optimization problem are represented as a “population” of “individuals” that
compete for survival (i.e., to remain in the set of solutions that make up the
“population”), where the “fittest” individuals (i.e., those with the best solution
quality) are favored to “reproduce” in order to create a new “generation” of
solutions (i.e., a new set of solutions that may replace the existing ones and
pass to the next iteration of the algorithm). Some of the most well-known EC
metaheuristics are evolution strategies (Rechenberg 1971; Schwefel 1977), genetic
algorithms (Goldberg 1989; Holland 1975), genetic programming (Koza 1992) and
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Algorithm 1 General procedure of an evolutionary algorithm

1: begin
2: initialize population of solutions
3: evaluate population
4: while termination condition not met do
5: select individuals for recombination
6: apply recombination operator
7: apply mutation operator
8: evaluate new individuals (a.k.a. offspring)
9: select individuals for survival

10: end while

11: return best solution found

12: end

differential evolution (Storn and Price 1997). In the following, we elaborate on
evolution strategies and differential evolution.

Evolution Strategies (ESs) (Rechenberg 1971, 1973; Schwefel 1977, 1981) are
among the first evolutionary algorithms proposed mainly to solve continuous
optimization problems. ESs use real-valued vectors to represent solutions and,
similarly to other EAs, they iteratively apply a number of evolutionary operators
(or just operators) to stochastically sample new solutions. The operators typically
used in ESs are:

* parental selection — choice of the solutions (parents) at the beginning of each
iteration that will be used to create new solutions (offspring);

* recombination — mechanism used to combine the information of two or
more parents in order to create one or more offspring;

» mutation — the process of applying a small perturbation to offspring;

* survival selection — choice of the solutions that will pass to the next iteration
(a.k.a. generation).

The parental selection operator can be implemented using a deterministic
scheme (one or more specific individuals are selected) or a stochastic scheme
(individuals are selected according to a probability distribution based on their
quality value). The quality value is usually called fitness value of an individual.
One of the first stochastic parental selection schemes proposed in the literature
is fitness proportional (Back et al. 1997; Holland 1975) and consists in assigning
to each individual a probability of being selected that is proportional to its
solution quality. Among the deterministic schemes, a typical option is the
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so-called fitness-based selection, in which only individuals with similar solution
quality are matched together to produce offspring (Hansen et al. 2015). Since
fitness-based selection drives the evolution process towards the best individuals,
it is often used when survival selection is non-elitist (see below).

The recombination operator can be implemented in many different ways.
Among the most used recombination operators are discrete recombination, where
the kth component of the offspring is taken from either of the parents, intermedi-
ate recombination, where the offspring is the result of computing the arithmetic
average of the parents” kth component, and weighted recombination, which is
similar to intermediate recombination but parents can have different weights. Al-
though recombination was widely used in early ESs variants, it is considered
optional in most recent ESs implementations.

In ESs, the mutation operator is the most important algorithm component
and it is commonly implemented by adding a point symmetric perturbation
(e.g., random numbers drawn from a multivariate Gaussian/Cauchy/Lévy
distribution) to the result of recombination or, if recombination is not used, to
the result of parental selection. In practice, most ESs employ the Gaussian distri-
bution to create a perturbed vector ii’, such as the well-known spherical/isotropic
mutation, which is defined as follows:

i =i+ N(0,C), 2.1)

where il is a vector representing an individual and N (0, C) is the Gaussian
distribution with zero mean and covariance matrix C € R"*". In the spheri-
cal/isotropic mutation, C is proportional to the identity matrix I, and therefore,
the Gaussian mutation component is often indicated as N (0,I).

ESs use the mnemonic notation (# T A) to indicate the way in which survival
selection will be implemented in the algorithm, where y and A are two positive
integers that represent, respectively, the number of parents at the beginning
of the iteration and the number of offspring generated at each iteration. The
symbols “+” and “,” are used to specify whether survival selection is elitist
(u + A) or non-elitist (u, A). In the (1 + A)-ES, the next generation is generated
by selecting the best u solutions from the set of u + A individuals, whereas in
the (y, A)-ES the next generation is generated by selecting the best y solutions
from the set of A offspring.

Arguably the most successful ES is the (, A)—evolution strategy with covari-
ance matrix adaptation (Hansen 1997; Hansen and Ostermeier 2001), commonly
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know just as CMA-ES, in which the complete covariance matrix of the normal
mutation distribution is adapted at execution time. Two variants of CMA-ES
that have been proposed to further improve its performance are:

* the separable-CMA-ES (Ros and Hansen 2008) — which is a low complexity
variant intended for separable continuous functions, where the covariances
are assumed to be zeros; therefore, instead of the full covariance matrix,
this variant uses a diagonal matrix;

* the restart-CMA-ES with increasing population size (Auger and Hansen 2005)
— which is a variant where the population is doubled after every restart of
the algorithm. The algorithm restarts if the range of improvement of the
(i) the best solution, (ii) all function values of the most recent generation,
or (iii) the standard deviation of the normal distribution do not improve
for a number of iterations within a certain threshold.

To this day, CMA-ES remains as one of the best performing metaphor-based
metaheuristics available in the literature, and it is commonly employed in
experimental comparisons as a benchmark algorithm.

Differential Evolution (DE) (Price et al. 2005; Storn and Price 1997) is a more
recent evolutionary approach proposed for the approximate solution of con-
tinuous optimization problems that introduced various new concepts to the
EC literature. Similarly to ESs, DE starts by sampling the search space with
a “population” of randomly created “individuals”, that is, real-valued vectors
that are solutions to the optimization problem at hand. A minor difference
of DE with most EAs is in the order in which the evolutionary operators are
applied. Whereas in most EAs the typical order is: parental selection, then
recombination, then mutation, and then survival selection (see Algorithm 1); in
DE, the mutation operator is applied before recombination.

The main novelty of DE is the way in which the mutation operator is defined,
called differential mutation, that is similar to the moves in the Nelder-Mead
simplex search method (Nelder and Mead 1965). In DE, the mutation operator
consists of selecting two existing solutions, computing their vector difference,
multiplying their difference by a scaling factor, and adding this to a third vector
that is selected among the existing solutions and that is different from the two
vectors initially chosen. More formally, in DE, the mutation operator is defined

as follows:
mi =%+ B (%" — 79, (2.2)
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where i = 1,...,n denotes ith individual in a population of n solutions, ¥,
X’ and ¥¢ are three different vectors chosen from the population, and 8 is the
scaling factor. It is important to note that, while vector ¥?, which is referred to
as base vector, can be selected in many ways, in most cases, it has to be different
from the solution in the population for which it is targeted, that is, vector ¥ in
the current population, that is referred to as target vector. The result of applying
Equation 2.2 is a vector called mutant vector, indicated as i, and it is one of the
most important concepts in DE.

The creation of the mutant vector is followed by the application of the
recombination operator, in which the mutant vector, i, is recombined with
target vector, X ! in order to create a new vector, ii’, that is referred to as trial
vector. The equation describing how apply the recombination operator and
obtain the trial vector is the following:

s o
ik m'l , i (U[0,1] > pa) vV (k=K ;) Wk Vi, 2.3)
x¥k  otherwise

where k = 1,...,d allows to iterate between the values of the vectors, /[0, 1] is
a random number sampled from a uniform distribution, p, is a user-selected
parameter in the range [0, 1] that controls the fraction of values copied from the
mutant vector into the trial vector, and kri nq 18 @ randomly chosen dimension
that ensures that the trial vector is not a duplicate of the target vector. The newly
generated trial vector i##’ only replaces the target vector X in the population if it
has better quality, otherwise is discarded. Also, as indicated in Equation 2.3, the
mutation and recombination operators are iteratively applied for every solution
in the population.

The version of DE that we have described above is known in the literature as
the “classic” DE, and it is typically referred to using the mnemonic DE/rand/1/bin.
After “DE”, the second term indicates the way in which the base vector is chosen,
the third term indicates the number of vector differences that are added to the
base vector, and that fourth term indicates the number of values donated by
the mutant vector. Some examples of popular variants of DE indicated using
their mnemonics are: DE/rand/1/bin (classic DE), DE/best/1/bin with uniform jitter,
DE/target-to-best/1/bin, and DE/rand/1/either-or.

In these DE variants, the second term (i.e., the choice of the base vectors) is
either “rand”, meaning that they are chosen at random from the population,
“best”, meaning that the best-so-far solution is used as base vector, or “target-
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to-best”, meaning that base vectors are chosen to lie on the line defined by the
target vector and the best-so-far solution. Also, in all cases, the third term is
“1”, which means that there is only one vector difference being added to the
base vector; however, it is not uncommon to add “2” or more vector differences.
The fourth term specifies the type of recombination being used, the options
showed in the examples are “bin”, which means that the number of values
donated by the mutant vector follows closely a binomial distribution (as in
Equation 2.3), and “either-or”, which means that the trial vector is either a
three-vector recombination or a randomly chosen population vector to which a
randomly chosen vector difference has been added. Finally, the term “uniform
jitter” indicates that the scaling factor becomes a random variable 8* that is
sampled anew from a normal distribution N'(0,1) for each dimension k of a

vector.

2.2.2 Swarm Intelligence

Swarm intelligence studies natural and artificial systems composed of a large
number of individuals that coordinate using decentralized control and self-
organization to perform tasks or solve problems that are normally too demand-
ing for a single individual (Bonabeau et al. 1999; Dorigo 2001; Dorigo and
Birattari 2007). Swarm intelligence has therefore a double nature. On the one
hand, it is a scientific discipline that seeks to understand how social animals
coordinate their activities, such as ant colonies cultivating plants, fish schools
moving in milling or bait ball formations, and bacteria building living struc-
tures called biofilms. On the other hand, it is an engineering discipline that
tries to design and implement systems that can solve problems of practical
relevance and that does so by taking inspiration from the observations and
models proposed by the swarm intelligence scientific studies.

The study of swarms of artificial agents that cooperate to solve difficult
optimization problems has led to many innovative metaheuristics. Some of
the most representative ones are: ant colony optimization (Dorigo 1992b; Dorigo
et al. 1991b, 1996; Dorigo and Stiitzle 2004), particle swarm optimization (Eberhart
and Kennedy 1995; Kennedy and Eberhart 1995), and the artificial bee colony
algorithm (Karaboga et al. 2005; Karaboga and Basturk 2007). Before discussing
these metaheuristics in detail, it is worth noticing that, unlike ESs and DE,
where the metaphor of natural evolution is at the basis of the two approaches,
in the case of SI, each of the metaheuristics has its own source of inspiration
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and specific concepts. In the following subsections, we begin the description of
each SI metaheuristic by discussing first its biological inspiration, which allows
to understand more clearly the motivation of their authors to consider these
behaviors to devise metaheuristic algorithms.

Ant Colony Optimization (ACO) (Dorigo 1992b; Dorigo et al. 1991b, 1996;
Dorigo and Stiitzle 2004), first proposed in 1991, was developed for solving
hard combinatorial optimization problems. The first ACO algorithm, called
Ant System (AS) (Dorigo 1992b; Dorigo et al. 1991b), was inspired by the work
of Deneubourg et al. (Deneubourg et al. 1990; Goss et al. 1989) who studied
colonies of Argentine ants and found that they are capable of finding shortest
paths between their nests and food sources by depositing pheromones on the
ground and choosing their way using a stochastic rule biased by their perceived
pheromone intensity. In AS, Dorigo et al. showed that, in a way similar to real
ants, artificial ants are capable of building shortest paths on a graph via an
iterative construction process in which new nodes are selected and added to
partial paths using a stochastic selection mechanism that is biased by “artificial
pheromones”, a form of distributed information that is iteratively updated
by artificial ants and represents the knowledge they have acquired about the
quality of the solution components.

To better illustrate how ACO algorithms work, let us consider one iteration
of a popular variant of ACO called Ant Colony System (ACS) (Dorigo and
Gambardella 1996, 1997b). In the example we present, a population of ants
build solutions to a combinatorial optimization problem for which an evaluation
function has been defined that can be used to assess their quality.

First, starting from an empty solution, each ant in the population constructs
a complete solution to the problem by adding one solution component at a time
to a partial solution until it is completed. To do so, each ant k in the swarm
has associated a set L¥ that contains the feasible solution components the ant
can add to its partial solution at each construction step r. The mechanism
used to select new solution components from L is given by the transition rule,
which differs among ACO variants and is one of the main components in the
algorithm. The transition rule of ACS uses a parameter gy € [0,1] that allows to
alternate between two ways of selecting a solution component.

The first selection mode in ACS, which happens with probability go, is a
simple greedy selection and consists in taking the most “profitable” element in
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the set LK. This is done as follows:

jk = argmax{t® - 175}, (2.4a)
helLk

where j¥ is the solution component to be added to the partial solution con-
structed by ant k at construction step r, h is a solution component in the set of
feasible options L¥, 7, is the pheromone value associated to #, 77, is the value of
the heuristic information associated to &, and « and 8 are two real parameters
that control the relative influence of the pheromones and the heuristic infor-
mation in the equation. The heuristic information, 17, whose usage is typical in
the transition rule of most ACO variants, allows to include problem-specific
information into the solution components selection process.

The second way of selecting a solution component in ACS, which hap-
pens with probability 1 — g, is a probabilistic one, and consists in assigning
probabilities to the solution component in Lf and then choosing one based on
these probabilities. This selection method is the most widely used across ACO
variants and it is defined as follows:

[5]% - ;1P
Lnerk[ml]® - (1]

il = ﬁwem (2.4b)

where p];’j is the probability for ant k of selecting solution component j € Lk
at construction step r. Based on the computed probabilities p¥, the solution
component to be added to the partial solution is chosen using a random
proportional mechanism (a.k.a. roulette wheel), so that the elements in Lf with
higher quality (i.e., those with higher pheromones and heuristic information
values) are given higher probability of being chosen. In addition to roulette
wheel, there are many other selection mechanisms available in the literature
that differ mostly in the type of selective pressure they use—e.g., ranked,

tournament, elitist, etc.

In ACS, after a new solution component j has been added to a partial
solution, the pheromone value of the component is updated using a local
pheromone update procedure as follows:

G=0-9)5+¢ T (2.5)

where T is the pheromone lower bound and ¢ is the local pheromone evap-
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oration rate. Both 7y and ¢ are parameters of the algorithm. The goal of
Equation 2.5 is to slightly reduce the pheromone value of the newly added com-
ponent j, so that the probability other ants have of selecting the same sequence
of solution components for their solutions is also reduced, thus creating higher
diversity in the solutions. In one iteration of the ACS algorithm, Equation 2.4
and Equation 2.5 are applied iteratively by every ant until they have all built a
complete solution to the problem.

Last, a global pheromone update procedure takes place in the algorithm,
which consists in increasing the pheromone value of the solution components
in the best solution. The equation to do so is given by:

(1—p)-Tj+p- AT if j € st

T = (2.6)

7
Tj otherwise

where AT}’E” = F(s%t,j), F(-,-) is a function that returns the amount of
pheromone to be added to each element j € 57!, s"*** is either the iteration-best
of the best-so-far solution constructed by an ant, and p is a parameter called
evaporation rate. The goal of the global pheromone update procedure is to
use the best quality solution to provide positive feedback to other ants in the
following iterations.

In addition to AS and ACS, many other ant-based algorithms have been
proposed in the literature (Dorigo and Sttitzle 2018; Dorigo and Stiitzle 2004).
However, despite the vast diversity of ideas and ways to implement an algorithm
of this kind, a large majority of them can be regarded as particular instances of
the ACO metaheuristic framework (Algorithm 2). Some well-known examples
of algorithms following the definition of this framework are ACS (Dorigo and
Gambardella 1996, 1997b), MAX-MZIN ant system (Stiitzle and Hoos 1996,
2000), AntNet (Di Caro and Dorigo 1998), ACOR for continuous domains (Socha
and Dorigo 2008), ACOwmv for mixed-integer variables (Liao et al. 2014b), and
Pareto-ACO (Alaya et al. 2007) and m-ACO (Iredi et al. 2001) for multi-objective
optimization.

As shown in Algorithm 2, the ACO metaheuristic framework defines the
guidelines to instantiate a constructive, population-based algorithm based on
four main algorithmic components: (i) a stochastic solution construction, involving
the routines needed by the artificial ants to construct solutions, such as the
transition rule; (ii) a local pheromone update, that is, an optional procedure that
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Algorithm 2 ACO metaheuristic

1: begin
2: set initial parameters
3: while termination condition not met do
4: repeat
5: apply stochastic solution construction
6: apply local pheromone update > optional
7: until construction process is completed
8: apply daemon actions > optional
9: apply pheromone update
10: end while
11: return best solution found
12: end

allows local modification of the pheromone trail while constructing solutions;
(iii) daemon actions, which are optional routines such as local search (Hoos
and Stiitzle 2004) to improve the solutions constructed by the ants; and (iv)
a pheromone update, involving the routines to modify the pheromone trails in
order to ensure an adequate compromise between exploration and exploitation
of the search space. In principle, using this framework, ACO algorithms can
be applied to any combinatorial optimization problem for which a stochastic
solution construction can be defined.

Particle Swarm Optimization (PSO) (Eberhart and Kennedy 1995; Kennedy and
Eberhart 1995) was proposed in 1995 for the approximate solution of continuous
optimization problems. The first developments of PSO were inspired by studies
of the dynamics and social interactions of bird flocks. These studies showed
that, by following a few simple rules, simulated bird flocks could display a
strong synchronization in initiation of flight, turning while flying, and landing
(Heppner and Grenander 1990; Poli et al. 2007). In the proposed PSO algorithm,
particles (which correspond to birds in a flock and represent a solution of the
considered optimization problem) try to discover the region of the search space
where the best quality solutions are located by moving in directions that are
estimated based on the best locations that they and their neighboring particles
have visited in the past.

In the standard version of PSO (S5taPSO) (Shi and Eberhart 1998) (Algorithm
3), the concepts of visual communication, flying coordination, and birds” cogni-
tive capabilities were translated into a computational model composed of three
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main elements: (i) a cognitive component that allows each particle i in the swarm
to memorize the best position it has visited so far, called personal best position
p; (ii) a social component that allows a particle to know the best position I' ever
found by any of the particles in its neighborhood; and (iii) a velocity update rule
and a position update rule that specify how the particles move in the search space
and that are defined respectively as follows:

z_’)ti+1 = w_)ti + ¢1Uit(ﬁf - J_C)tl) + (PZUEt (i:fl - _’ti)r (2.7)

xt.+1 =¥+ _»ti+l' (2.8)

Algorithm 3 The standard PSO algorithm

1: begin
2: set initial parameters
3: t+0
4: repeat
5: for i < 1 to size(swarm) do
6: find I* in the neighborhood of i
7: apply velocity update rule > e.g., Equation 2.7
8: apply position update rule > e.g., Equation 2.8
9: end for
10: update particles” personal best 7
11: t—t+1
12: until termination criterion is met
13: return best solution found

14: end

As shown in Algorithm 3, the position of the particles (vectors ¥), which
represent candidate solutions to the optimization problem, are updated in every
iteration ¢t of the algorithm by computing a new velocity vector (Equation 2.7)
that is added to their current positions (Equation 2.8). The computation of a
particle’s new velocity makes use of two random diagonal matrices, Ui, and
U}, to introduce diversity to the particle’s movement and of three parameters,
w, @1 and ¢y, to control, respectively, the influence of the previous velocity
(i.e., the particle’s inertia), the cognitive component and the social component.
The role of vectors p; and I; in the velocity update rule is to combine the
knowledge acquired by each particle during the search with the knowledge of
the best-informed individual in the neighborhood of the particle.

In PSO, the social component of a particle is determined by its neighborhood,
which can be defined in many different ways, allowing in turn to create many
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different population topologies. For example, a simple, low-connected topology
such as a ring is created by assigning to each particle’s neighborhood the two
adjacent (i.e., closest) neighbors; while the fully-connected, sometimes referred
to as gbest, topology is created by assigning all particles to the neighborhood
of all other particles. In this latter case, the local best particle is also the global
best and its position is indicated by g;. When using the ring topology, the
information about where the best-so-far solution is located spreads slowly
among particles, whereas with the fully-connected topology the entire swarm
knows immediately the position of the best-so-far solution at each iteration.?

Over the years, many improvements and modifications have been pro-
posed for PSO. Some of the best-known variants of this metaheuristic are
the constrained coefficient PSO (Clerc and Kennedy 2002), the locally convergent
PSO (Bergh and Engelbrecht 2002), the locally convergent rotation invariant PSO
(Bonyadi and Michalewicz 2014), the cooperative PSO (Bergh and Engelbrecht
2004), the restart PSO (Garcia-Nieto and Alba 2011), the cooperative co-evolution
PSO (Li and Yao 2011), the group-based PSO with random diagonal matrices (Zyl
and Engelbrecht 2016), and the “charged” particles (Blackwell and Bentley 2002)
and multi-swarms PSO (Blackwell and Branke 2004, 2006).

Artificial Bee Colony (ABC) (Karaboga et al. 2005; Karaboga and Basturk 2007),
tirst introduced in 2005, is an optimization technique proposed for tackling
continuous optimization problems. ABC was inspired by the self-organization
and division of labor observed in honeybee colonies, where individuals special-
ize in specific tasks and divide accordingly in order to explore different food
sources in parallel and exploit more intensively the ones that are more profitable
(Karaboga and Akay 2009). In ABC, the food sources exploited by the hive
represent candidate solutions to the optimization problem, and the honeybees
represent either local search procedures in charge of exploring neighboring so-
lutions, or procedures that are used to create new solutions at random. In plain
computational terms, ABC is a combination of parallel local search mechanisms
with the occasional introduction of new, randomly created solutions (Aydin
et al. 2017b).

As shown in Algorithm 4, the standard implementations of ABC consist
of three steps that are repeated iteratively. In the first step, called employed
bees, each solution ¥ in the set of candidate solutions (referred to as reference

ZNote that there are many others topologies studied in the literature of PSO, including
wheels, lattices, stars, clusters, and randomly assigned edges (Mendes et al. 2004).
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Algorithm 4 The standard ABC algorithm

: set initial parameters

repeat
apply employed bees step
apply onlookers bees step
apply scout bees step

until termination criterion is met

return best solution found

—_

solutions in the ABC literature) is used to create a new solution ¥’/ by modifying
a randomly chosen dimension j as follows:

Vi x]é—klp,i(x,i—x,c’), ifj=k

= , (2.9)

Xy, otherwise

where k indicates the k' entry of the vector, 1[),1'c is a random number in the range
[—1,1], and x" is a randomly chosen reference solution different from ¥ i Also,
in the employed bees step, when the quality of the newly created solution ¥ ’kl is
higher than the one of ¥/, the newly created solution X'/ replaces ¥} in the set
of reference solutions.

The onlookers bees step is similar to the employed bees one; the only difference
consists in the use of a probabilistic mechanism to select the reference solutions
that will be modified. Therefore, as opposed to the employed bees step where all
the reference solutions in R are used to create new solutions regardless of their
quality, in the onlookers bees step, the probability of a solution being selected is
proportional to its quality, so that the best quality ones are given higher chances.

Finally, in the scout bees step, each reference solution has a counter initialized
to zero that increases by one when a new solution with lower quality has been
created or that re-initializes to zero otherwise. If the counter reaches the value
of a parameter A that limits the maximum number of lower quality solutions
that can be consecutively created, the reference solution is removed from the
population and a new one is randomly created with a counter initialized to
zero.

Even though ABC is a relatively recent approach, it already has a rich
literature with many variants and experimental studies investigating ways to
enhance its performance. For example, in (Akay and Karaboga 2012), it was
showed that the standard version of the algorithm has a slow convergence rate
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due to the fact that only one dimension of the solutions is modified at a time.
This fact motivated the authors of (Akay and Karaboga 2012) to introduce two
changes that have become common design choices in ABC implementations:
(i) a parameter MR to probabilistically control the number of dimensions to be
modified at each time for each solution, and (ii) the use a parameterized range
[—a, a] for computing the value of ¢, instead of using the fixed range [—1, 1].
Additionally, some studies have found a faster convergence speed and an
improved performance on specific problems by using alternative initialization
schemes, such as chaotic maps (Alatas 2010; Lu et al. 2014; Xiang and An 2013)
and opposition-based learning (El-Abd 2011), which produce also a higher
diversification of the solutions, thus helping to escape from local stagnation.

There have been as well studies proposing modifications to the main al-
gorithm component of ABC, Equation 2.9, in order to have a better balance
between exploration and exploitation of the search space. In general, most
changes proposed to this equation are based on ideas employed in other meta-
heuristic approaches, such as PSO and differential evolution (Storn and Price
1997). For example, the variant proposed in (Xiang and An 2013) replaces
vector X" by the best-so-far solution with the goal of enhancing exploitation of
the search space, which is similar to the use of vector g; in PSO. Also similar
to PSO, in (Gao et al. 2014), the authors proposed to guide the search by a
random neighbor or by the global-best solution, whereas in (Li and Yang 2016)
the authors gave artificial bees a memory so that they can keep track of their
personal best positions. In (Xiang et al. 2014), the authors proposed a search
equation for ABC that was inspired by the classical differential evolution (DE)
algorithm DE/rand/1/bin (Price et al. 2005), in which artificial bees search around
the best solution found in the previous iteration.

2.3 Summary

In this chapter, we discussed the fact that many optimization problems of
practical relevance are very complex and cannot be tackled in an efficient way
with exact methods. Examples of this type of problems are NP-hard problems
in the discrete domain, and non-differentiable, multimodal functions in the
continuous domain. The computational requirements (time and/or memory)
needed by exact methods to solve complex optimization problems to optimality
can be exceedingly demanding, making their application either limited to
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a small number of cases or altogether impractical. Unlike exact methods,
metaheuristics are capable of finding high-quality solutions to these difficult
optimization problems in short computational times, but offer no guarantees
about the optimality of the solutions.

Another important subject reviewed in this chapter is the use of inspiration
from other fields of knowledge to come up with new metaheuristic designs.
There are many metaheuristics that have been inspired by natural occurring
optimization processes, such as the phenomenon of evolution, which inspired
evolutionary computation, and the collective behavior of some species, such
as ant colonies and bird flocks, which inspired, respectively, ant colony opti-
mization and particle swarm optimization. In all these cases, the metaphors
that inspired the metaheuristics allowed their authors to develop innovative
optimization algorithms that introduced novel concepts to the field. However,
as we also pointed out in this chapter, in order for this approach to work, there
has to be a sound, scientific motivation to use a new metaphor, as well as a
careful abstraction of the behavior into algorithm concepts.



Chapter 3

How to Design Metaheuristics:
Manual vs. Automatic Approaches

3.1 Manual Design of Metaheuristics

Historically, the creation of new metaheuristics, or of metaheuristics implemen-
tations with improved performance, was done by algorithm designers who
manually devised new designs or introduced modifications to already existing
ones based on their knowledge (either empirical, theoretical or intuitive) and
expertise—something typically referred to as manual design (Lopez-Ibéafiez et al.
2016; Stiitzle and Lopez-Ibafiez 2019).

Even though manual design has been useful for the implementation of many
high-performing metaheuristics, it is becoming less and less efficient over time.
Indeed, the design of a high-performing implementation of a metaheuristic
requires both to choose among large sets of different possible metaheuristic
components and to fine-tune the value of their parameters, and it is often
unrealistic to rely on the developers” knowledge and expertise to perform these
tasks efficiently. This is because human algorithm designers are biased by
their previous experience and limited in the number of designs they can try,
making the design process time-consuming and error-prone. In practice, the
main disadvantages of manual design are that it limits the flexibility with which
new metaheuristic designs can be explored and the generality of the developed
metaheuristics. Additionally, the manual design process is often directed by
subjective choices that might make the design process difficult to understand a
posteriori.

The flexibility limitation is caused by the fact that metaheuristics have been

29
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traditionally conceived as monolithic blocks—that is, they have a predefined and
often rigid structure. This rigid structure constrains the options for modifying
the metaheuristics’ behavior: the designer can adjust the metaheuristic’s pa-
rameter values or redefine the metaheuristic’'s components (Bezerra et al. 2016).
However, the many high-performing hybrid metaheuristics implementations
that exist today (Blum and Roli 2008; Maniezzo et al. 2022; Talbi 2002, 2013)
have highlighted the importance of being able to propose metaheuristic designs
that go beyond the bounds of the original monolithic block. Unfortunately,
doing so manually can be very difficult.

The generality limitation is caused by the fact that in most cases the initial
development of a metaheuristic is done with some application in mind; the
performance of the developed metaheuristic tends therefore to be very good
for the specific problem or problem class for which the metaheuristic was
developed, but it will often be not so good for other problems or problem
classes. In general, a metaheuristic’s performance tends to drop considerably
when it is applied to a problem that has very different characteristics from those
for which it was originally developed, or when the optimization scenario has
specific constraints that were not considered in the initial metaheuristic design,
such as being allowed to run only for a limited time or being unable to use
problem-related information (e.g., black-box scenarios or ill-defined real-life
problems) (Blackwell and Branke 2006; Hansen et al. 2011). In those cases, a new
implementation of the metaheuristic has to be designed for the new problem in
order to obtain good results.

Unfortunately, the process of manually adjusting a metaheuristic so as to
propose a new metaheuristic implementation is a laborious task riddled with
pitfalls. First of all, as we said above, the designer of the new metaheuristic
implementation may start by trying to enhance the behavior of the metaheuris-
tic by using different parameter values or by modifying one or more of the
metaheuristic’s components in the implementation that, according to his/her
knowledge and expertise, may be hindering the metaheuristic’s performance. If
this process, which depends solely on the ability of the human designer, does
not produce the desired outcome, then, the only option might be to design
and implement a new metaheuristic from scratch. This latter task, however,
is even more challenging than the previous one, since the algorithm designer
now needs to try to come up with a better design guided, once again, only by
his/her knowledge and previous experiences.

Finally, manual design makes the design of a metaheuristic a subjective
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process, where the rationale behind certain design decisions remains hidden in
the mind of the human designer and what is learned by the designer is, therefore,
not shared with the rest of the research community. In practice, manual design
consists in choosing, by trial and error, a good algorithm design from a large set
of options. To make the task more manageable, algorithm designers tend to not
consider certain types of design that, based on their knowledge, they believe
they would not work for the problem at hand. However, which designs are
not considered and why they are not considered is rarely written in published
technical papers; as a result, most of the times information on the designs
that have been tried and that were not particularly successful gets lost. This is
unfortunate because having access to this type of “negative” information would
be useful to guide the creation of new designs in the future.

3.2 Automatic Design of Metaheuristics

As the need to solve increasingly complex problems more efficiently has grown,
so has the need for better and more efficient problem solving methods. This has
motivated many researchers in the field to look for alternative design approaches
that are not subject to the downsides of manual design. In particular, one of
the main goals of the research done in this direction has been to reduce the
heavy reliance on human algorithm designers, which makes the design process
biased, time-consuming and error-prone. Automatic algorithm design methods
are a powerful alternative to manual design. These methods remove the need
for human intervention by exploiting recent advances in automatic algorithm
configuration methods.

The automatic design of metaheuristics implementations is a relatively new
paradigm, in which the creation of a metaheuristic implementation is tackled as
an optimization problem that consists in finding a combination of metaheuristic
components and parameter settings that will perform very well when applied
to the optimization problem considered. To do so, automatic design methods
for metaheuristic implementations rely on two main ingredients: a design space—
that is, the set of all possible metaheuristic” designs that can be obtained by
combining metaheuristic components and parameters settings; and an automatic
configuration tool—that is, a tool that allows the exploration of the design space
of the metaheuristic. In recent years, a number of metaheuristic software
frameworks have been proposed that greatly facilitate the use of the automatic
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design methods to create high-performing metaheuristic implementations.

In the metaheuristics literature, the methods that target the design of meta-
heuristic implementations as an optimization problem are sometimes referred
to as hyper-heuristics. A modern definition of the term hyper-heuristic is the
following: “a search method or learning mechanism for selecting or generating
heuristics to solve computational search problems” (Burke et al. 2013). Initially,
however, the research on hyper-heuristics was not focused on the automatic de-
sign of metaheuristic implementations, but rather, on the selection of performing
implementation from a portfolio of pre-existing metaheuristic implementations,
the so-called “heuristics for choosing heuristics” for combinatorial optimization
problems. Nowadays, the automatic design of metaheuristics is approached by
hyper-heuristics in the same way as automatic design methods, i.e., by defining
a metaheuristic design space and using an optimization algorithm to explore
it and find a performing design. In fact, in the vast majority of cases, the
only difference between automatic design methods and hyper-heuristics is that
hyper-heuristics explore the design space using genetic programming (Koza
1992; Sabar et al. 2013).

3.2.1 Metaheuristic Design Space: The Component-Based View

In order to define a metaheuristic design space, the first step is to come up with a
component-based view of the considered metaheuristic. To do so, the algorithm
designer first identifies the many different ways in which a metaheuristic’s com-
ponents can be implemented (e.g., by studying the different implementations of
the metaheuristic that have been proposed in the literature), and then groups
them together based on their functionality. The components obtained in this
way define the metaheuristic design space and are combined using an automatic
configuration tool (see next section). The automatic configuration tool considers
these components as parameters—that can be numerical, categorical, and subor-
dinate—to be optimized. Numerical parameters are the classical parameters
whose value is either a real or an integer number—e.g., the mutation rate in
EC, the evaporation rate in ACO, or the particle’s inertia in PSO. Categorical
parameters are alternatives for a particular component’s functionality—e.g.,
the recombination operator in EC, the solution construction rule in ACO, or
the population topology in PSO. Finally, subordinate parameters are those that
are only necessary for particular values of other parameters—e.g., if, in ACO,
the MAX-MZIN Ant System pheromone update rule is selected, then the
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subordinate parameters controlling the pheromone lower and upper bounds
should also be selected. All these parameters form the parameter configuration
space C that will be used by the configuration tool, as explained in the next
section.

3.2.2 Automatic Configuration Tools

Automatic configuration tools (ACTs) were initially developed to automatically
select the parameter values in parameterized software in order to increase its
performance as much as possible (Audet and Orban 2006; Nannen and Eiben
2006). However, over the years, more general-purpose ACTs have been proposed
that allow also to select the algorithm components of the implementation.
The use of ACTs took off in the last decade not only because they generate
algorithms that, being tailored for a specific problem, most of the times have
a very good performance, but also thanks to the higher availability of cheap
computing power, as they can be very computationally expensive. The working
mechanisms of ACTs are diverse, ranging from experimental design techniques
to surrogate-model based approaches. The specific mechanisms implemented in
the ACT determine how computationally-intensive it is, the type of parameters
it can handle, and the type of post-configuration analyses that can be conducted.
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Figure 3.1: General workflow followed by an automatic configuration tool (ACT)
used to configure a metaheuristic

The general workflow followed by ACTs is depicted in Figure 3.1. Given a
parameter configuration space C, an iterative process is carried out in which
the metaheuristic M being configured is executed with different parameter



34 CHAPTER 3. HOW TO DESIGN METAHEURISTICS: MANUAL VS. AUTOMATIC

configurations ¢ on the set of test instances I until a given computational budget
b is fully used. The different approaches that have been investigated so far to
develop ACTs can be categorized as follows:

» Experimental design techniques, that are based on the use of statistical
techniques to evaluate aspects such as the statistical significance of perfor-
mance differences; an example of these techniques is CALIBRA (Adenso-
Diéaz and Laguna 2006).

* Heuristic search techniques, that consist, as their name suggests, in the
application of metaheuristics to tackle configuration tasks. Examples are
ParamlILS (Hutter et al. 2009), which implements an iterated local search
in the parameter configuration space; and the work presented in (Yuan
et al. 2012), where the covariance matrix adaptation evolution strategy
(CMA-ES) (Hansen and Ostermeier 2001) is used for a configuration task
of numerical parameters.

* Surrogate-model based techniques, that try to predict the shape of the con-
figuration landscape based on previous execution of the algorithm with
the goal of avoiding to waste executions on the unpromising regions. The
best-known technique of this type is the sequential model-based algorithm
configuration (SMAC) (Hutter et al. 2011).

e [terated racing approaches, that are based on the idea of performing sequen-
tial statistical testing using the Friedman test and its related post-tests in
order to create a sampling model that can be refined by iteratively “racing”
candidate configurations and discarding those that perform poorly. Vari-
ous racing algorithm are implemented in the irace package (Lopez-Ibafiez
et al. 2016).

While ACTs differ mostly in the way they approach the automatic configu-
ration problem and in their generality, there are also practical differences that
may be important for the user. For example, when used out-of-the-box, iterated
racing approaches, such as irace, can impose a higher computational overhead
during the configuration process than surrogate model-based approaches, such
as SMAC, thus making this latter more suitable for configuration scenarios with
very expensive objective functions. However, both irace and SMAC and other
actively maintained ACTs allow nowadays to make changes to their sampling



3.3. SUMMARY 35

models in order to reduce computational times in expensive configuration sce-
narios or to perform a more intensive search if computational time is abundant.
Another important difference between ACTs is the use of early termination
mechanisms for poorly performing configurations, also called capping or adaptive
capping (Hutter et al. 2009; Lopez-Ibaniez et al. 2016), which help to make a more
efficient use of the computational time available, and are particularly useful
in those cases where the optimization problems involve time-related objective
functions. Finally, a common feature of most ACTs is that they provide lots of
useful data that can be used for conducting post-configuration analyses, such
as a parameter importance (Hutter et al. 2014; Pérez Céaceres et al. 2017) and
ablation analysis (Fawcett and Hoos 2016).

3.3 Summary

In spite of its inherent disadvantages, the use of manual design is still by far the
most common way to approach the creation of new metaheuristics. In particular,
manual design makes it difficult to explore new metaheuristic designs when the
number of available design choices is large, which in turn limits the generality
with which the metaheuristic can be applied to broader classes of problems.
Additionally, in manual design, algorithm designers make numerous choices
that are rarely registered for future consideration, which makes the design
process subjective and typically quite difficult to reproduce.

Currently, one of the most efficient alternatives to manual design is automatic
design. In automatic design, the process of designing a metaheuristic imple-
mentation is formulated as an optimization problem that consists in finding
the combination of components and parameter values that offer the best perfor-
mance. To apply the automatic design approach, the first step is to define the
design space of the metaheuristics using a component-based view. The design
space is an abstraction of the many different ways in which a metaheuristic
can be implemented, which allows both to replicate known designs as well
as to explore new ones never considered before. To automatize the task of
exploring a metaheuristic’s design space, researchers have developed a number
of automatic configuration tools (ACTs). Some state-of-the-art ACTs, such as
irace and SMAC, have been increasingly used in experimental studies, which
show that they are capable of creating high-performing implementations, even
in those cases where the design space is large and complex.






Chapter 4

The “Novel” Metaphor-Based
Metaheuristics Issue

In addition to the general issues with manual design discussed in Chapter 3,
there is the problem that manual design has often been (mis)guided by opti-
mization processes observed in natural systems that were used as a source of
inspiration. Even though this approach was very successful in the early days
of metaphor-based metaheuristics, when very innovative and well-performing
metaheuristics—such as evolutionary computation, ant colony optimization,
simulated annealing, and particle swarm optimization—were proposed, this is
no longer the case today. Indeed, because of the success of these early metaphor-
based metaheuristics, many researchers started to create “novel” metaheuristics
using metaphors for which there was no clear mapping between an optimiza-
tion process observed in the inspiring natural behavior and the optimization
process implemented in the corresponding “novel” metaheuristic.

As a result, in the last few decades, hundreds of metaphors from the most
diverse set of natural, artificial and even supernatural behaviors, have been
used to develop “novel” metaphor-based metaheuristics. In most cases, these
metaheuristics have been created based on simplistic mathematical models
that vaguely match the behaviors that inspired them and have been presented
using overemphasized metaphoric descriptions that make their understanding
unnecessarily difficult (some examples are given below). Recently, however, the
real novelty of some of the most widespread among these “novel” metaphor-
based metaheuristics has been the focus of rigorous analyses, which have
provided compelling evidence that, rather than being novel, these metaphor-
based metaheuristics are either the same, or at best minor variations, of well-
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established metaheuristics, and that their only real novelty is in the use of new
metaphors and terminology (Armas et al. 2022; Camacho-Villalén et al. 2019,
2022a, 2023, 2020; Piotrowski et al. 2014; Thymianis and Tzanetos 2022; Tzanetos
and Dounias 2021; Weyland 2010).

In particular, three main problems have been identified in papers proposing
“novel” metaphor-based metaheuristics (Aranha et al. 2022). First, the introduc-
tion of useless metaphors that do not have any scientific basis—e.g., zombies,
reincarnation, and intelligent water drops—and of new, unnecessary terminology
that makes it difficult to understand the ideas proposed in these metaheuris-
tics. Second, the lack of any significant novelty; indeed, it is typically the
case that the ideas proposed in these metaheuristics are already known in the
field. Third, the use of poor experimental validation and comparison practices,
such as comparing “novel” metaheuristics run on recent computers against
old algorithms run on old computers, and the use of benchmark testbeds that
contain biases that can be exploited by the “novel” metaheuristics, thus favoring
their performance.!

The negative consequences of the “novel” metaphor-based metaheuristics
trend extend well beyond the existence of a few algorithms inspired by far-
tetched behaviors that were presented in papers with methodological issues. In
fact, the hundreds of “novel” metaphor-based metaheuristics already published
in the literature (Campelo and Aranha 2021a) are the result of a pernicious
trend grounded on unscientific practices. Unfortunately, this unhealthy trend is
still far from being over; this is due, in large part, to the prevalence of manual
design as the main way to create metaheuristics. In the remainder of this
subsection, we explain in detail why “novel” metaphor-based metaheuristics
are so problematic, what are some of their negative consequences, and what
efforts have been done so far to address them.

4.1 The Metaphor Rush

Taking inspiration from natural processes has played a major role in the devel-
opment of many innovative solutions. In particular, in science and technology,

there are many instances of the use of this approach, a few well-known exam-

1An example of this was provided in (Kudela 2022), where it was experimentally demon-
strated that the “novel” slime mold, butterfly and Harris hawks metaheuristics, among others,
make use of center-bias operators that increase their efficiency when the testbed includes
problems that have the optimal solution located in the center of the search space.
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ples are synthetic, self-cleaning materials inspired by some plants leaves (Wang
et al. 2020), the Japanese bullet trains whose aerodynamic front shape was
inspired by a bird’s beak (Crandell et al. 2019), and a number of learning and
intelligent algorithms, such as those found in the evolutionary computation and
swarm intelligence research fields, whose sources of inspiration were discussed
in detail in Chapter 2. Additionally, in virtually all domains and fields, it is
common to use metaphors to present abstract ideas in order to help convey
more easily their meaning, such as the metaphor of trees in graph theory that
helps to visualize a specific type of data structure, or the fact that we use the
word mouse to refer to a device that looks like a small rodent attached to our
computer (although wireless and ergonomic mice have rendered the metaphor
much less effective).

Starting in the mid 2000’s, the field of optimization has witnessed a true rush
to find “interesting” behaviors, mostly from natural and social phenomena, that
can be used to devise reputedly “novel” metaheuristics. In the numerous papers
proposing this kind of metaheuristics, the authors present their metaheuristics
using the following sequence of steps: (i) they start by claiming to have found
a new behavior that has applications in optimization; (ii) they present why, in
their opinion, the behavior is interesting, followed by an extensive list of other
“novel” metaheuristics based on “interesting” behaviors; (iii) they describe their
proposed metaheuristic using the terminology of the behavior instead of the
one that is normally used in optimization; and (iv) they compare the “novel”
metaheuristic with other optimization techniques that are often old and whose
performance is much worse than the state of the art.

To give a concrete example, we can consider the grey wolf optimizer (Mirjalili
et al. 2014). According to its authors, this metaheuristic is inspired by “the
way grey wolves organize for hunting” following a “strict social hierarchy”. To
describe the metaheuristic, the authors introduce a new terminology in which
candidate solutions are referred to as “wolves”, the three best solutions in the
“pack” (i.e., the set of candidate solutions) are referred to as the “alpha”, “beta”
and “delta” wolves, and the optimum of the problem is the “prey” the wolves
are hunting. As shown in (Camacho-Villalén et al. 2023, 2020), the grey wolf
optimizer metaheuristic is based on the idea of computing, at each iteration,
the centroid of a hypertriangle whose vertices are the position of the three
best solutions (i.e., “alpha”, “beta” and “delta”), and of using the computed
centroid to bias the movement of the rest of the solutions (i.e., the “pack”).
The performance of the grey wolf optimizer metaheuristic was evaluated on a
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set of 29 continuous functions, all with low dimensionality and/or with the
optimum at the center of the search space, as well as on some classic engineering
design problems; it was compared against PSO, DE, and the covariance matrix
adaptation evolution strategies (CMA-ES) (Hansen and Ostermeier 2001), with
the outcome that it was found to have a similar performance. This similarity
in performance, however, is not a surprise, since the “novel” grey wolf optimizer
metaheuristic was later shown to be nothing more than a simple variant of PSO
(Camacho-Villalon et al. 2023, 2020).

Another example of a popular “novel” metaphor-based metaheuristic is
cuckoo search (Yang and Deb 2009), which is described using the metaphor
of “cuckoo’s parasitic behavior”. In this metaheuristic, initial solutions are
referred to as “cuckoos” while solutions that have been perturbed are referred
to as “eggs”. The cuckoo search metaheuristic is based on the idea that some
“cuckoos” lay a number of “eggs” in the “nests” of other birds (which are
random points in the search space) and some of these “eggs” will still exist
in the next iteration and some other will not. The authors of cuckoo search
compared their metaheuristic against a genetic algorithm and the first version
of PSO. The comparison was run using 13 continuous functions that were all
with optimum at the center of the search space and for which the authors did
not provide any information about their dimensionality. Because of this, it is
difficult to evaluate the quality of the results they obtained. However, this might
be considered irrelevant given that, perhaps unsurprisingly for those familiar
with evolutionary computation, cuckoo search turned out to be an evolution
strategy that uses the crossover of differential evolution (Camacho-Villalén et al.
2022a), and therefore does not give any contribution to the state of the art.

4.2 The Consequences of the Metaphor Rush

Over time, the number of papers proposing “novel” metaphor-based meta-
heuristics has grown to several hundreds—at the time of writing this article, it is
estimated there are around 500 metaphor-based metaheuristics (Ma et al. 2023;
Tzanetos and Dounias 2021). Very often, the authors of these papers make very
strong, and wrong, statements that go from saying that they are proposing a
novel technique inspired by some sort of “intelligent” behavior, to claiming they
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have found a new and unexplored field.> Unfortunately, despite the complete
lack of evidence to support such statements and the increasing awareness about
the problems that these “novel” metaheuristics are causing in the research field,
a part of the metaheuristics community is under the delusion that this is a good
approach and continues to actively propose more metaheuristics of this kind.

One of the main problems caused by the constant publication of papers
proposing “novel” metaheuristics has been the fragmentation of the literature
into dozens of barely distinguishable niches (Aranha et al. 2022; Campelo and
Aranha 2021b). A direct consequence of this fragmentation is a confusing
literature, in which the same ideas and concepts are being reintroduced over
and over again using many different terminologies derived from the use of
new metaphors. This, in turn, has made the comparisons of metaheuristics
increasingly challenging. Indeed, just to make an example, it is very difficult to
compare the optimization capabilities of “grey wolves hunting” with those of
“cuckoos laying eggs”. But, even worse, when one analyses the mathematical
models proposed for these metaheuristics more closely, they turn out to be
either the same or minor variations of those proposed in optimization techniques
published many years before.

The hundreds of “novel” metaphor-based metaheuristics already published
have popularized the wrong idea that having found a new “interesting” behavior
and developing a simplistic mathematical model based on it justifies its inclusion
in the metaheuristics literature, regardless of whether or not it brings novel and
useful ideas to the field. It is very worrying indeed that articles that have serious
methodological flaws and total lack of scientific rationale® are so constantly able
to pass the peer review process of scientific venues, many of which seem—most
unfortunately—to be a lot more interested in future citation counts than in
publishing quality papers with meaningful contributions.

Finally, there is the damage caused to the reputation and external perception
of the field of metaheuristics.* In particular, it is causing damage to the fields
of swarm intelligence and evolutionary computation that are often used as

2See for example: Satish Gajawada. POSTDOC: The Human Optimization. Computer
Science & Information Technology (CS & IT), CSCP 3 (2013): 183-187. Pdf available at
https:/ /www.aircgj.org/CSCP/vol3/csit3918.pdf

3Consider, for example, the following excerpt from the intelligent water drops paper: “In
nature, we often see water drops moving in rivers, lakes and seas. .. We also know that the water drops
have no visible eyes to be able to find the destination (lake or river).” More on this in Chapter 5.

4This issue was brilliantly exposed by Sérensen in (Sérensen 2015) as well as in a parodic
(yet insightful) paper titled “A Spectral Approach to Ghost Detection” (https://sigbovik.org
/2013/proceedings.pdf), whose reading we strongly recommend.
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examples to justify the use of metaphors. The misconception is that, even
though, in particular cases and if done properly, a metaphor can guide the
design of a successful metaheuristic, this happens very rarely and in most cases
it only ends up in unnecessary confusion.

4.3 The Role of the Academic Research System

It would be very hard to explain the existence of a trend such as the one of
the “novel” metaphor-based metaheuristics without considering some of the
problems that exist in the current academic research system. The academic
research system is the framework used by academic researchers to carry out,
review and disseminate scientific contributions, and involves the interaction
of many different people with many different interests and goals. Some of the
problems that exist in the current academic research system are:

* Misuse of incentives: One of the most pervasive problems in the academic
research system is the use of incentives (e.g., financial support, professional
recognition, academic promotion, etc.) as levers to increase “productivity”,
which is measured as a function of the number of articles a researcher
has published in a certain period of time (Edwards and Roy 2017). This
way of measuring productivity, that favors quantity over quality, puts an
excessive pressure to publish, creating a phenomenon otherwise known
as publish-or-perish (Harzing 2010).

¢ Journal impact factor manipulation: The journals impact factor (JIF) is
widely used as a measure of the quality and influence of a journal within
the field and, by extension, of the quality of the work produced by the
researchers that publish in that journal. Artificially inflating JIFs (either
by authors excessively citing some specific sources or by editors asking
authors to cite the articles published by their journals) not only results in
inaccurate information, but also puts editors under pressure to game this
metric in order to “attract” submissions (loannidis and Thombs 2019).

* Weakness of the peer-review process: One critical problem of the academic
research system is that the peer-review process that we use to control the
quality of the publications is not robust enough to detect and prevent
dishonest behaviors (Edwards and Roy 2017; Weyland 2010). In order for
the peer-review process to work well, it is unrealistically assumed that
everyone involved will always play by the rules. Unfortunately, there is an
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increasing number of examples showing that this is not always the case
(Sorensen 2015; Sorensen et al. 2019).

* Conflicts of interest: The experimental sciences have been shown to be par-
ticularly vulnerable to the existence of conflicting interests in the academic
research system. While having different interests is not by itself a problem,
when the goals of the different parties involved in scientific research are
unaligned or conflicting, the consequences can be detrimental, creating
problems, such as biases, inaccuracy in the results, and false findings
(Ioannidis 2005). The existence of conflicting interests in experimental
sciences has been recognized as one of the main underlying causes of the
reproducibility crisis (Baker 2016; Lépez-Ibéfiez et al. 2021).

Even though the problems of the academic research system are widespread
and affect different scientific fields in different ways, it is not difficult to see
the role they have played in letting the trend of the “novel” metaphor-based
metaheuristics grow larger and larger over the years. Indeed, the existence
of these problems can help us to understand (i) why some authors can be
motivated to propose “novel” metaheuristics in vast quantities, (ii) why most of
the papers of this kind include a long list of references to other similar “novel”
metaheuristics, (iii) why the papers proposing “novel” metaheuristics are so
constantly able to pass the peer-review process of some publication venues,
and (iv) why some publication venues may welcome articles proposing “novel”
metaheuristics regardless of their real contribution and quality.

4.4 Efforts to Mitigate the Metaphor Rush

So far, most efforts aimed at dealing with the metaphor-based metaheuristics
involve raising awareness about the issue and how they negatively affect the
metaheuristics research field. One of the earliest efforts in this sense was
the publication by Dennis Weyland of the paper “A Rigorous Analysis of
the Harmony Search Algorithm” (Weyland 2010), where it was shown, by
means of a component-by-component comparison, that harmony search is in fact
an evolutionary algorithm. The paper by Weyland also identified a number
of problems in the actual research system that contributed to let a “novel”
metaheuristic like harmony search become popular despite its complete lack of
novelty. Another notable example is the paper “Metaheuristics—The Metaphor
Exposed” by Kenneth Sorensen (Sorensen 2015), which was the first paper
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clearly attempting to bring attention to the “metaphor problem” in the field of
metaheuristics.

Although these papers barely resonated outside the community that was
already aware of the problem, they were a stimulus for other researchers to
act and propose possible solutions. Most of these efforts can be categorized
as follows: (i) critical analysis of metaphor-based metaheuristics, (ii) modeling
frameworks, taxonomies, and metaphor-free descriptions, and (iii) editorial
policies.

In category (i) we find the efforts to clarify whether there is any real novelty
in these “novel” metaheuristics and obtain insights on the motivation the
authors had to use a particular metaphor. Component-based analyses, similar
to that of Weyland (Weyland 2010), have been conducted for the following
“novel” metaheuristics: biogeography-based optimization (Simon et al. 2011), black
hole optimization (Piotrowski et al. 2014), intelligent water drops (Camacho-Villalén
et al. 2018, 2019), grey wolf optimizer, moth-flame optimization algorithm, whale
optimization, firefly algorithm, bat algorithm, antlion optimizer (Camacho-Villalén et
al. 2023, 2020), and cuckoo search (Camacho-Villalon et al. 2022a). The conclusion
of all these analyses has been clear: there is no novelty in any of these “novel”
metaheuristics, since they only have negligible differences with well-established
metaheuristics. In a critical paper with a slightly different focus, Melvin et
al. (Melvin et al. 2012) showed that the gravitational search algorithm is based on a
mathematical model that is inconsistent with Newtonian gravity, thus rendering
the use of the metaphor of gravity useless. The gravitational search algorithm is
an example of why using new metaphors without having a sound motivation
to do so may actually result in ineffective metaheuristics.

Category (ii) includes the efforts that many researches have done to try and
put order in the literature by proposing taxonomies and modeling frameworks
that allow to establish similarities among metaheuristics based on patterns in
their design (Armas et al. 2022; Cruz-Duarte et al. 2020; Fong et al. 2016; Molina
et al. 2020; Stegherr et al. 2020; Thymianis and Tzanetos 2022; Tzanetos and
Dounias 2021). The ultimate goal of these efforts is to provide the metaheuristics
community with a comprehensive tool that can help to readily identify the com-
ponents that make up a metaheuristic, and consequently, to have a systematic
way to evaluate whether a “novel” metaheuristic is actually novel or not. The
main challenge is to incorporate a sufficiently large number of components in
the tool so that it is representative of the vast diversity of the metaheuristics
and of their implementations; in this way, it can be used to identify virtually
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any possible metaheuristic design. While the first steps in this direction have
been taken, this is an huge endeavor that will require a great deal of additional
research in order to be accomplished.

In category (ii), we also find those papers aimed at better understanding
the way metaphor-based metaheuristics work and their relationship with other
metaheuristics. Examples of these efforts are the papers by Lones (2014, 2020),
in which the author provides an accessible description of some of the “novel”
metaphor-based metaheuristics using a metaphor-free terminology. In addition
to this, there is an increasing number of papers aimed at quantifying the size of
the problem by compiling comprehensive lists of metaphor-based metaheuristics
and/or analyzing their performance (Campelo and Aranha 2021a; Kudela 2022,
2023; Ma et al. 2023; Tzanetos et al. 2020).

Finally, category (iii) contains the very few efforts coming directly from
editorial policies that explicitly forbid the submission of papers proposing
metaphor-based metaheuristics unless the authors can provide compelling
evidence that the use of the metaphor contributes to the advancement of the
state of the art. Some of the journals that have established this type of policies are
40R,” Journal of Heuristics,® Swarm Intelligence (Dorigo 2016), ACM Transactions on
Evolutionary Learning and Optimization,” and Engineering Applications of Artificial

Intelligence.®

Establishing editorial policies is undoubtedly one of the most
effective mechanisms to stop the publication of metaphor-based metaheuristics;
unfortunately, in the scientific publication system this approach remains the

exception rather than the rule.

4.5 Summary

In the chapter, we discussed the problematic trend of the “novel” metaheuristics
based on all kinds of metaphors, which exist in part due to the prevalence of
manual design as the main way to create metaheuristics. In order to illustrate
why these kinds of metaheuristics are so problematic, we presented two concrete
examples of highly-cited “novel” metaheuristics that turned out to lack any
novelty, and being therefore only a source of confusion and reiteration of known

Shttps://www.springer.com/journal/10732/updates/17199246

®https://www.springer.com/journal/10732/updates/17199246

"https://dl.acm.org/journal/telo/author-guidelines

8https://www.sciencedirect.com/journal/engineering-applications-of-artificia
1-intelligence
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https://www.sciencedirect.com/journal/engineering-applications-of-artificial-intelligence
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ideas. Unfortunately, these are just two examples in a long list of other “novel”
metaheuristics with similar problems. In Chapters 5 and 6, we present the
complete analysis of the two “novel” metaheuristics mentioned in this chapter,
as well as the analysis of several others in order to provide further evidence for
the thesis that these type of metaheuristics are not truly novel.

While many important efforts have been conducted to address the problem
of the “novel” metaphor-based metaheuristic, none of them has been compre-
hensive enough to solve it definitively. Nonetheless, the number of efforts in
this direction keeps growing and many researchers/practitioners are now aware
of their negative consequences. Unfortunately, the metaheuristics community
has become divided between two conflicting approaches to continue pushing
the field forward. On the one hand, even though the use of automatic design
methods to create new metaheuristics designs has increased over time and its
benefits have already been shown experimentally in many papers, the use of
this approach still remains scarce in the literature. On the other hand, the idea
of introducing new metaphors is still being used intensively, as evidenced by the
alarming regularity with which new papers proposing “novel” metaheuristics
based on absurd behaviors are published in the literature.
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Chapter 5

“Novel” Metaheuristics for Discrete
Optimization

In this chapter, we study the intelligent water drops (IWD) metaheuristic and
its relation to ant colony optimization (ACO). We start by describing the source
of inspiration and basic concepts introduced in the two metaheuristics—ACO,
in Section 5.1 and IWD, in Section 5.2. Then, in Section 5.3, we perform
a component-by-component comparison between ACO and IWD, and show
that IWD is, in fact, a particular case of ACO. We also discuss the fact that
the metaphor of “intelligent water drops removing soil from the ground of a
river” that inspired the IWD metaheuristic does not correspond to any scientific
observations about the way erosion works in river systems. Finally, in Section 5.4,
we review published research on IWD, and provide compelling evidence that
most of the ideas that have been proposed to enhance the performance of IWD
were already proposed in the ACO literature.

5.1 Overview of Ant Colony Optimization

Ant colony optimizationl (ACO) (Dorigo 1992b; Dorigo et al. 1991a,b) is a
metaheuristic proposed in the early 1990s that was inspired by the seminal work
by Deneubourg et al. (1990) on the Argentine ant foraging behavior. Denebourg
et al. showed that Argentine ants can find a shortest path between their nest and
a food source by depositing pheromones on the ground and by choosing their
way using a stochastic rule biased by their perceived pheromone intensity.

IThis section presents a short overview of ACO that is intended for its comparison with
IWD. For a more comprehensive description of ACO, see Chapter 2.
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Based on Deneubourg’s findings, Dorigo et al. showed that, in analogous
way to real ants, artificial ants that

* move on a graph representation of a discrete optimization problem, where
edges are solution components and where a path on the graph corresponds
to a problem solution,

¢ deposit virtual pheromones on the graph edges (or equivalently on solu-
tion components), and

* use pheromones to bias the construction of random paths on the graph,

can find high quality solutions by letting their stochastic solution construction
routine be biased by the value of virtual pheromones. Ant System (Colorni et al.
1992; Dorigo et al. 1991b), the first algorithm proposed based on the metaphor
of ants foraging behavior was a combination of three main concepts: (i) many
interactive agents, also called artificial ants, (ii) a reinforcement mechanism to
give a positive feedback to selected solution component,? and (iii) a constructive
greedy heuristic to build paths on a graph.

The publication of the seminal algorithm (Dorigo 1992b; Dorigo et al. 1991a,b,
1996) was followed by many variants and improvements (Alaya et al. 2007; Bi-
rattari et al. 2006; Blum 2005; Blum and Dorigo 2004; Bullnheimer et al. 1999b;
Cordon et al. 2000; Dorigo and Gambardella 1997a; Dorigo et al. 1996; Gam-
bardella and Dorigo 1995; Guntsch and Middendorf 2002; Maniezzo 1999; Socha
and Dorigo 2008; Stiitzle and Hoos 1997); most of these works are summarized
in the Ant Colony Optimization book (Dorigo and Stiitzle 2004). Throughout
all this literature, ACO has been described as a constructive, population-based
metaheuristic composed of three main components: (i) stochastic solution con-
struction, involving the routines needed to construct solutions; (ii) daemon actions,
containing optional routines to improve the solutions constructed by the ants;
and (iii) pheromone update, involving the routines to modify the pheromone
trails in order to ensure the exploration and exploitation of the search space.
The main idea is that artificial ants are probabilistic procedures that construct
solutions iteratively (i.e., by adding one solution component at a time to a
partial solution) based on virtual pheromones and heuristic information.

One iteration of ACO can be described as follows. Starting from an empty

solution, an artificial ant implements the stochastic solution construction rou-

2As explained in (Dorigo et al. 1991b), positive feedback allows ants to generate a process that
reinforces itself, that is, the more ants are following a trail, the more attractive that trail becomes
for being followed.
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tines needed to add solution components until the solution is completed.> After
the construction phase is over, daemon actions may take place. Daemon actions
are routines that cannot be performed by a single ant. They may consist, for
example, of a local search procedure that improves the solution constructed by
an ant, or of a procedure that deposits an additional amount of pheromone on
solution components that belong to solutions with some desirable characteris-
tics. Finally, pheromone update consists in the modification of the pheromones
with the goal of biasing the construction process in the following iterations
towards better solutions. The pheromone update procedure involves deposit-
ing pheromone on the components belonging to good quality solutions, and
evaporating pheromone in components producing solutions of lower quality.*
Several iterations are executed until a termination condition is verified and the
algorithm stops. This process is shown in Algorithm 5.

Algorithm 5 ACO metaheuristic with its main components

—_

set initial parameters
while termination condition not met do
repeat
apply stochastic solution construction
apply local pheromone update > Optional
until construction process is completed
apply daemon actions > Optional
apply pheromone update
end while
return best solution

—_
<

Virtual pheromones—pheromones for short in the following—and heuris-
tic information are the main sources of information used by artificial ants to
construct solutions stochastically. Pheromones, indicated by 7, are numerical
values associated to solution components that are iteratively modified by ants in
order to mark solution components that produce good solutions. The amount
of pheromones in the solution components can increase using pheromone deposit,
or decrease using pheromone evaporation. While pheromones represents the
knowledge acquired during the algorithm’s execution, the heuristic information,

3The rule for selecting solution components, called transition rule, implemented during the
stochastic solution construction varies among ACO variants.

4In some ACO implementations, the pheromone update can be interleaved with the solution
construction (e.g., see (Dorigo and Gambardella 1997a; Gambardella and Dorigo 1995)), an
example being the offline pheromone update implemented in ACS (Dorigo and Gambardella
1997a).
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indicated by 1 and also associated to solution components, is a way to include
problem-specific information to guide the search. The use of heuristic infor-
mation greedily bias the selection of components that have a lower cost in the
solution under construction. There are different strategies to weight the relative
importance of parameters T and 77; we discuss some of them in Section 5.3.1.
Finally, in Table 5.1 that appears below, we list the most important ACO variant,
which differ mainly in the way in which stochastic solution construction and
pheromone update are implemented.

5.2 Overview of the Intelligent Water Drops Meta-

heuristic

The intelligent water drops (IWD) metaheuristic was proposed by Shah-Hosseini
(2007) as a new problem solving algorithm for combinatorial optimization. The
author of IWD says that this metaheuristic is based on the observation of rivers
in nature and is explained using a metaphor in which water streams are seen
as groups of individual particles (water drops) removing soil from the ground
of the riverbed. According to the metaphor of the “intelligent water drops
removing soil from the ground of a river”, in their journey from a source to a
destination, water drops prefer paths with less soil; also, on paths with less soil
they move faster, and the faster they move the more soil they remove. Following
this self-reinforced mechanism, the water drops are capable of finding shortest
paths from a source to a destination. In the words of the author:

“In nature, we often see water drops moving in rivers, lakes and seas. As water
drops move, they change their environment in which they are flowing ... We also
know that the water drops have no visible eyes to be able to find the destination
(lake or river). If we put ourselves in place of a water drop of the river, we feel that
some force pulls us toward itself (gravity).”

(Shah-Hosseini 2007, pp. 3326)

“In the water drops of a river, the gravitational force of the earth provides the
tendency for flowing toward the destination. If there were no obstacles or barriers,
the water drops would follow a straight path toward the destination, which is the
shortest path from the source to the destination. However, due to different kinds of
obstacles in their way to the destination, which constrain the path construction,
the real path has to be different from the ideal path and lots of twists and turns in



5.2. OVERVIEW OF THE INTELLIGENT WATER DROPS METAHEURISTIC 53

the river path is observed.” ... “It is assumed that each water drop flowing in a
river can carry an amount of soil... The amount of soil of the water drop increases
while the soil of the riverbed decreases. In fact, some amount of soil of the river bed
is removed by the water drop and is added to the soil of the water drop.”
(Shah-Hosseini 2008, pp. 195)

“A water drop has also a velocity and this velocity plays an important role in the
removing of soil from the bed of the rivers ... The faster water drops are assumed
to collect more soil than others.”
(Shah-Hosseini 2008, pp. 196)

Shah-Hosseini (2007, 2008, 2009) translated these ideas into a metaheuristic
where water drops: (i) move in discrete steps on a graph representation of the
considered optimization problem, where edges are solution components, and
each solution component j has an associated amount soil; of soil; (ii) modify
the amount of soil on the solution components (graph edges) as a function of
their velocity and of problem specific information called heuristic undesirability;
and (iii) use the amount of soil associated to solution components to bias the
construction of random paths.

The IWD metaheuristic, as described in (Shah-Hosseini 2007, 2008, 2009),
is a constructive, population-based optimization technique composed of three
components: (i) stochastic solution construction, (ii) local soil update, and (iii) global
soil update. In IWD, the water drops have two variables associated: a velocity
and the total amount of soil collected. Moreover, the water drops cooperate
to construct solutions incrementally using a probabilistic rule, called random
selection rule, which is biased by the amount of soil associated to the solution
components.

In one iteration of the IWD metaheuristic, these three components are ap-
plied as follows. First, during stochastic solution construction, each water drop
starts from an empty solution and adds one solution component at a time until
the solution is completed. Interleaved with the stochastic solution construction,
the local soil update involves two actions after a solution component has been
added to a partial solution: (i) a decrease of the soil in the solution component
just added, and (ii) an increase of the soil collected in the water drop. In fact,
every time a water drop adds a new solution component to the solution it is
constructing, it updates its velocity and its total amount of soil collected. Finally,
the global soil update procedure updates the soil in solution components of the
iteration-best water drop (i.e., the water drop that built the best solution in the
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current iteration). The algorithm stops once a termination criterion is met. A
high level description of the metaheuristic is given in Algorithm 6.

Algorithm 6 The intelligent water drops metaheuristic

1: set initial parameters
2: while termination condition not met do

3: repeat

4: apply stochastic solution construction
5: apply local soil update

6: until construction process is completed
7: apply global soil update

8: end while
9: return best solution

It is easy to see that, in IWD, the soil associated to the solution components
plays the same role as the virtual pheromone in ACO: it biases the stochastic
choice of solution components during the stochastic solution construction
process. However, differently from artificial ants in ACO, each water drop
k has two associated variables: vel*, that is the velocity of the water drop
and represents the quality of the partial solution that it has built so far; and
collected_soil, that is the soil collected by the water drop while building a
solution.

At the beginning of each iteration, the initial velocity, vel¥, of the water
drops is always the same, but this variable is updated for each water drop as a
function of the soil in the components added to its partial solution. Therefore, it
is typically the case that water drops have different velocities at the end of each
iteration. Also, the velocity of a water drop is used to compute the amount of
soil it collects when adding a new solution component.”

The variable collected_soil* is used by the water drop to keep a record of
the soil collected from the solution components added to the solution that it is
constructing. The amount of soil added to collected_soil* is also proportional to
a value called heuristic undesirability® divided by the water drop velocity. Finally,

5Note that, even though this is counter-intuitive, the amount of soil that a water drop collects
when adding a new solution component to the partial solution is different from the amount of
soil that is removed from the soil variable associated to the added component. For a detailed
example see Appendix A.

®The author calls heuristic undesirability to the inverse of the heuristic information used in
ACO. For example, in the traveling salesman problem, ACQO'’s heuristic information is commonly
defined as 77;; = 1/d;;, where d;; indicates the distance between city i and city j. In IWD, the
heuristic undesirability is, for the same problem, defined as HUD;; = d;;.
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as mentioned above, the best water drop updates the solution components at
the end of each iteration using the amount of soil collected in its associated
variable collected_soil"**".

5.3 Comparison Between ACO and IWD

In the previous sections, we have described ACO and IWD starting with their
sources of inspiration and describing how these sources of inspiration were
abstracted as metaheuristic concepts that can be used to solve optimization
problems. In summary, the two metaheuristics consist of the following three
main components:

* stochastic solution construction: to construct solutions biased by a quantity
(pheromone/soil) associated to solution components,

* local update: to improve the search by interleaving the construction mech-
anism with an update of pheromone/soil on the last added solution
component, and

e global update: to provide a positive feedback via modifications of the
pheromone/soil associated to specific solution components.

In this section, we carry out a detailed comparison of the two optimization
techniques in order to clarify whether IWD is in fact a new metaheuristic,
and deserves therefore to be called a novel approach, or should rather be
considered a variant of ACO. To do so, in Table 5.1 we schematically present the
metaheuristic components proposed in some of the best-known ACO variants:
ant system (AS) (Dorigo et al. 1991a,b, 1996), ant system with Q-learning (Ant-Q)
(Gambardella and Dorigo 1995), MAX-MZIN ant system (MMAS) (Stiitzle
and Hoos 2000), ant colony system (ACS) (Dorigo and Gambardella 1997a),
approximate nondeterministic tree-search (ANTS) (Maniezzo 1999); and in the
intelligent water drops (IWD) (Shah-Hosseini 2009).

However, before presenting the component-by-component comparison of
ACO and IWD, we briefly discuss the notions of soil and of water drop’s
velocity. This discussion will help the reader understand the analysis presented
in this section. In section 5.2, we noted that the role played by the soil value
associated to solution components in IWD is very similar to the one played by
pheromones in ACO. However, in high-quality solution components, the value
of pheromones tend to increase over time, whereas the value of soil tend to



CHAPTER 5. "NOVEL” METAHEURISTICS FOR DISCRETE OPTIMIZATION

56

ISIMI}O 0 p
189
15995 2 \ﬁ A“mémv% !
. [
a1oym “{ {542V — GV UI Se awres :ajn. puogiodoid wopuvs SV W
+ - (0 — 1) uma e} xeur
= h o4 agwpdn  sauowioayd
anfea wop
"}SOD $,UOTIN[0S dY} SI 500 pue
Gy UI St paurjop sI 11500 . -uel panqrisIp AJuLIojiun e st b aroym
[ sy INPU [ JUBISUOS & ST M Ty :SE paulep ISIMISIO GV Ul se awes
15002V 919UM (ML Xew - A + 15,027) - W ) JISEY , , _ Iy Oy
STty aroym ‘[ xewr - L 4 y] - SN =y

+4h . (v—1) = 4 quawasiofuial vq01S 0bS b 1. 1) xewr Sre
(v—1) Jusat [090] +h - (v—1) = 4 quowaoiofusar jpoo) > ﬁu vt} Xew s

:a1n4 [puoisodosd wopuvi-opnasd

9SIMIA}O 0
s>l ()9 = VNPQ olPym SjuRISUOd a1e 7Y pue Iy aroym S]] [
H«H« o ‘(-2 + o = " Aggguonb qup . u_\sm_pv 1 SV
\VN\HQ M +h.(d—1) =4 90 v 105+ h =4 Apsuap jup 1 [PUOHA0A0LE HOpUDA
ayepdn [eqoro ajepdn [edo] 3[NI UOT)ISURI]  JUBLIEA

‘syuauodurod uornjos ayj uo pajisodap aq 03 suowrorsyd jo yunoure ay3 andwod 03 pasn st pue we[qoid parepsuod
ay 03 oywads st (+)7 uonouny ayy, (suondo Yjoq apnUI ‘SY Y Se “WdY} JO dWOS ‘SjuelieA QDY JUuowe SaLIeA IS0 3y} I0 duo 3uisn)
Wy3HOS[e 33 JO UOHNIOXD 9U3 JO SUTUUISSd S} WOIJ IO UOHERISH JSe] 9U} Ul IOU}IS PIjONISUOd UOHNIOS IS¢ 33 SSFRIIPUI 4,05 ‘y dOIp 103em /jue
£q Pa3onIISU0d UOHN[OS U} SAFLIIPUL ,§ “Ipun 1Y pajussaid sjusuodwod ayj uf “suoneuRWRIdW ODV Ul pajerdur A[uowwod Jusuodwod
U019V UOWAVP A} 919 MOYS Jou op I (M) sdoxq 193ep JuaiRIul a3 pue (SDV) WwalsAg AuofoD) Juy “(SINV) Y21e95-991], DISIUTULI}OPUON
srewrxoxddy (S v y) woishs Juy N ZW =XV WV (D-UY) SUIuIes[-0 yum weiss juy (Sv) WlsAS juy ur pasn spusuodwod utey :1°G d[qe].,



57

5.3. COMPARISON BETWEEN ACO AND IWD

[
A“mémvm = RE.N.NOmQ dIoym

£’G suon ("p0s)8+2 \ZNw:
ASIMIS}O "11os b [ ) I
o8t ! -enbg ur pauygep st ‘j10sy azeym Tois = amI
s 2 191 mﬁ\:omd -d —jpos - (0 + 1) 105y - & — 105 :9]14 U01423]0S WOPUDI
= os qupdn - qos  pqor8 - (6 —1) = ‘jros :agvpdn jr0s qvoo;
/ anfea wop
C@vam = “m&PQ alaym
. L punoq 1amoj auowozoyd ~UeT PANQLISIP ATurojrun e st b a1oym
o8t \ \ o ST 0L o1ym Wbt - (b—p)  OSIMIWO GV Ul se awes \ SV
159q° = .\“ﬁ 150qLV - Jd+- AQ - Hv L. o el = «Q
= N i appdn ouowosayd [woo; S by {h-h}xewSe
= 1 :aqna Surgvpdn jway auowosoyd [qors - g
:apn4 puoigiodosd wopuvi-opnasd
1S0D uonN[OS
watqoid a3 10J puNoq IOMoJ € SI g7 N
pue uonN[OS JUSLIND 3} JO }SOD A} ST i% = v.wm
42z ‘syorn[os ay) Jo 3500 A3eraae Y} :a1n4 puorgiodo.d wopuvi 3011ppy SINV
‘ —Z .
St z A? — 1) -0 :se paugop sr
VNWQ a1yM ‘y1y + 4 = o wagupdn vy
ajepdn [eqoro ajepdn [eco] 3[NI UOTJISURI],  JUBLIEA

‘panunuo) 1°S 3[qer



58 CHAPTER 5. "NOVEL” METAHEURISTICS FOR DISCRETE OPTIMIZATION

decrease. In other words, in IWD, the best solution components are charac-
terized by low soil values, whereas in ACO they are characterized by large
pheromone values. It is important to clarify this difference, as the comparison
of these two concepts (pheromones and soil) might be prone to confusion. In
practice, what is important to remember is that the construction of solutions
in ACO is biased towards higher pheromone values, while in IWD it is biased
towards lower soil values. Additionally, in IWD, soil can become negative
in high quality solution components, while in ACO pheromones are strictly
positive.

The other concept that deserves some attention is the water drop’s velocity.
This concept does not exist in ACO and, as mentioned in Section 5.2, it comes
from the metaphoric idea that water drops move with certain velocity and
remove soil from the riverbed. In IWD, the velocity vel® of a water drop k is
used to compute the amount of soil Asoil; that the water drop collects when
adding a new solution component j and it is updated according to Equation 5.1:

ay
by + ¢y X [so0il;]?’

velk = vel* + (5.1)

where ay, by, ¢, are user selected parameters.

Water drops that select “good” solution components (i.e., components that
have a low soil value) tend to be faster, and therefore, a water drop’s velocity
somehow measures the quality of the partial solution under construction. A
water drop’s velocity determines the extent to which the soil will decreased
after a solution component is added to a water drop’s partial solution: faster
water drops remove more soil from the added solution components than slower
water drops. As a consequence, since solution components with less soil have a
higher probability of being selected by another water drop, velocity is also a way
to control the exploration-exploitation capabilities of the algorithm. This can be
done, for example, by selecting the initial value of the water drops’ velocity. If a
low initial velocity is chosen, water drops will tend to have a more exploratory
behavior, while if a high initial velocity is chosen they will tend to exploit more
the soil information.

In the next three subsections we will compare the stochastic solution constric-
tion, the local update and global update metaheuristic components used in IWD
with those used in some of the ACO variants proposed in the literature. In
particular, we will show that:

¢ the random selection rule used by IWD is a simplification of the random
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proportional rule rule implemented in Ant System (Dorigo 1992b; Dorigo
et al. 1991a, 1996);

e the local soil update of IWD is a special cases of Ant-Q’s local reinforce-
ment (Gambardella and Dorigo 1995); and

e the global soil update of IWD is a special case of Ant Colony System’s
global pheromone trail updating rule (Dorigo and Gambardella 1996, 1997b;
Gambardella and Dorigo 1996).

5.3.1 Stochastic Solution Construction

Ants construct solutions by adding new components probabilistically chosen
using a function of the pheromone values and of the heuristic information. We
refer to this function as transition rule (see second column of Table 5.1). The
transition rule not only states which information will be used by ants to choose
the next solution component, but also how the relative importance of such
information will be weighted. For example, in the transition rule of AS (Dorigo
et al. 1996), the weighting strategy consists in using two parameters « and g that
modulate the value of T and 7, respectively; in ANTS (Maniezzo and Carbonaro
2000), a parameter « € [0,1] allows to change the relative importance of T and
1 in the transition rule (see Table 5.1). Equation 5.2 and 5.3 show the transition
rules used in Ant System and in IWD:

v [t )P
- ) 5.2
DT e P 2
heNf
eTglean)
2 e+g(soil;
= {, % (5.3)
et e+g(soily)

where N/ is the set of feasible solution components that can still be added to the
partially built solution, j € N/ is a solution component in the search space and
k is one of the m ants/water drops building a solution, and ¢, in Equation 5.3,
is a small positive constant used to avoid a possible division by zero.

It is easy to see that by setting « = —1 and p = 0 in the transition rule
of Ant System, it becomes the same one used in IWD. Note, however, that
transition rule in IWD only includes the information given by the soil (i.e.,
heuristic information is not used). Additionally, because the value of soil can
become negative in the solution components, IND applies a function g(-) to
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soil; so that its value in Equation 5.3 remains positive:

soil]- if min soil]- >0,
(soil;) = heN/ (5.4)
8\50t; . . )
sozl]- — min sozlj otherwise.
heNf

In both ACO and IWD, the initial value of pheromone/soil, as well as other
parameters, such as m, the number of ants/water drops, or the value of «, B, etc.,
are user selected parameters that have to be chosen according to the problem
considered.”

5.3.2 Local Update

The local pheromone update allows ants to update the pheromones not only
after having built a complete solution, but also while constructing it.

An ACO variant implementing local pheromone update is Ant-Q (Gam-
bardella and Dorigo 1995). In Ant-Q’s local pheromone update, pheromones
are updated immediately after a component is added to a partial solution using
the formula shown in Equation 5.5. Comparing Equation 5.5 with IWD’s local
soil update given in Equation 5.6, we can see that the two updates are very
similar:

—(1—a)-T AL . 55
T=(1-a) G+a [Ag+y }{2?}’}’@1} (5.5)
soil; = (1 — @) - soil; — ¢ - Asoil]'.‘ (5.6)

In particular, if we set the value of v = 0 in Equation 5.5, the two equations
become virtually identical. However, while «, AT]., v, and ¢ are fixed parameters,
the value of Asoil;‘ in IWD has to be computed using Equation 5.7, involving
the velocity vel® of the water drop and the heuristic undesirability (HUD;) of the
solution component j that is being added. Asoil;‘ is computed for every water
drop after a solution component is added to the partial solution the water drop
is constructing. First the water drop k updates its velocity velt according to
Equation 5.1 and then Asoil;F is computed using Equation 5.7:

“Finding values for the parameters of stochastic algorithms that guarantee a good algorithm
performance is known to be a non-trivial task. See (Stiitzle et al. 2012) for a comprehensive
review of how this problem has been studied in the ACO literature.
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. a
Asoilk = >

- ’ 5.7
I bs + ¢ - [HUD; / velk]? ©7)

where as, bs, c; are user selected parameters. Therefore, the value of Asoil}‘
tends to be larger for solution components with lower soil (because of the
velocity update of Equation 5.1) and for those with low HUD,. Parameter by, in
Equation 5.1, and parameter bs, in Equation 5.7, are used to avoid a possible
division by zero.

As we discussed in Section 5.3, water drops’ velocity can be seen as an
indicator of the quality of the partial solution constructed so far, that is, faster
water drops have added components with lower soil. However, computing the
desirability of a solution component in terms of the velocity (quality of a partial
solution) and of the heuristic undesirability, as is defined for Asoil;‘, is very
similar to the abandoned idea of ant quantity (see AS local update procedure in
Table 5.1).

As explained in Section 5.2, each water drop k memorizes the amount of
soil collected from the solution components added to the solution that it is
constructing in a variable called collected_soilk. The new value of collected_soilk
is computed by adding the value of Asoil;F to its current value (which contains
the amount of soil collected from previous solution components), as it is shown
in Equation 5.8:

collected_soil* = collected_soil® + Asoil]’-‘, (5.8)

Last, one may also ask if the inspiring metaphor of “intelligent water drops
removing soil from the riverbed” is a realistic model of the process of erosion in
rivers. For example, if soil is removed, it is unclear why then the new amount of
soil is computed by an equation such as Equation 5.6 that uses a decay factor ¢,
and not simply by subtracting Asoil;-< . Additionally, the metaphor of water drops
acting as individual particles removing the soil in the riverbeds is unrealistic,
to say the least, since water in a river should rather be seen, and studied, as a
moving fluid. In this sense, if the goal of the author was to test the optimization
capabilities of rivers formation (as it is mentioned repeatedly in (Shah-Hosseini
2007, 2008, 2009)), it would have been a better approach to start with some
of the models available in the scientific literature describing this process (e.g.,
Merritt et al. 2003).
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5.3.3 Global Update

The global pheromone update in ACO is performed at the end of an iteration
once all solutions have been completed. The main goal of this component is to
give a positive feedback by increasing the amount of pheromone associated to
solution components that belong to good solutions; common choices in ACO
variants are to update pheromones that belong to the components of the best
solution s found in the current iteration (iteration-best update) or since the
first iteration of the algorithm (global-best update), but other options have been
examined too (Dorigo and Stiitzle 2004). Solution components that receive a
higher amount of pheromone will have a higher probability of being selected
by other ants in the next iterations.

The global update component in ACS® and in IWD? is defined, respectively,
as follows:

(1 o p) . T] +P . A.L.jbest ifj c Sbest

7= o (5.9)
Tj otherwise
1+ 0) - so0il; — p - Asoil?est  if | € ghest
soil; = (1+p) j=F 4 J , (5.10)
soil]- otherwise
best

where the parameter AT is commonly defined as the inverse of the total cost
of the solution s%**f, while Asoil]l.’“t is proportional to the soil collected by the
best water drop divided by the number of solution components:

Asoil]I?eSt — collected_soil?®t / NPest — 1 (5.11)

The similarity between the two equations is clear. Equation 5.9 easily
converts into Equation 5.10 by multiplying p by —1. However, a more formal
way to see this is via a redefinition of the interval over which the parameter p
can vary in Equation 5.9. That is, if we change this interval from its typical value
of [0,1] to [—1,0], we also convert Equation 5.9 into Equation 5.10. Because of

8ACS is one of the oldest and best performing ACO variants (Dorigo and Gambardella
1997a); its global update rule is called global pheromone trail updating rule.

There are two versions of this component in IWD. In the first one (Shah-Hosseini 2007) the p
parameter was defined in [0, 1], making Equation 5.10 and 5.9 identical. However, for unknown
reasons, in a later publication (Shah-Hosseini 2009) the interval of variability of parameter p was
changed to [—1,0], leading to a somewhat different behavior of the global update procedure, as
explained here.
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this, the global soil update component is a special case of the global pheromone
trail updating rule proposed in Ant Colony System by Dorigo and Gambardella
(1996).

The global soil update, as defined in (Shah-Hosseini 2009), has different
outcomes depending on the value of p and soil; in the solution component.
For simplicity, let us consider first the second summand in the first case of
Equation 5.10, that is, —p - Asoil]bESt. Because Asoil]’?es’f is defined as always
positive (see Equation 5.7) and as we have it multiplied by —p, the result of this
second summand will always be negative and contribute with a positive feedback
to the solution component, that is, a decrease in the value of soil.

On the other hand, the type of feedback given by the first summand in the
first case of Equation 5.10, (1 + p) - soilj, it is more difficult to understand. It
is easy to see that if soil; < 0 the product (1 + p) - soil; will be negative, and
therefore, this summand contributes with a positive feedback to the solution
component, which is the desired behavior (i.e., removing soil increases the
probability that future water drops will select the component). However, if
soil]- > 0, the resulting value of this summand will be positive, and therefore, it
contributes with a negative feedback to the solution component and the function
of the update in this case is just the opposite of what it should be.

5.4 Modifications of IWD

Very often, after a new metaheuristic is published, different modifications are
proposed to enhance its performance and/or to overcome its drawbacks. In
this section, we review the literature on IWD with a particular focus on the
improvements that have been proposed since its initial publication in 2007. We
provide compelling evidence that all these improvements were already present
in ACO variants. To select the relevant literature, we searched for the string
“intelligent water drop” in the title or in the abstract of the articles indexed in
Scopus (www.scopus.com) and Google Scholar (http://scholar.google.com).
From this set of articles we selected all those published in journals and those
published in conferences that included at least one variant of the original
IWD metaheuristic components. The final set consisted of 7 articles which are
presented and discussed in the following.

1. Duan et al. (2008, 2009) were the first to propose a variant of IND where
problem specific information is added to IWD’s random selection rule.
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This is a relatively minor modification that, in the case of ACO, was
already present in its very first formulation (Dorigo et al. 1991a). Later,
Booyavi et al. (2014) and Teymourian et al. (2016b) have proposed the use
of a parameter A to weight the importance of soil with respect to heuristic
information. Also this weighting mechanism is part of most ACO variants,
including some of very first ones (Dorigo and Stiitzle 2004).

. Niu et al. (2012) proposed five modifications to enhance the original IWD

implementation; these are: random soil and velocity initialization, conditional
probability computation, bounded local soil update, elite global soil update, and
combined local search.

* Random soil and velocity initialization aim is to improve the diversity of
the initial solutions of the algorithm and, according to the authors,
helps avoiding premature convergence. Unfortunately, the authors
did not test this hypothesis, for example, by comparing the random
initialization with the scheme originally proposed for IWD.

* Conditional probability computation consists of two changes in the
stochastic solution construction procedure: (i) to include the heuristic
information in the random selection rule along with a parameter to
weight its relative importance; and (ii) to select the lower-cost compo-
nent (i.e., greedy selection) with probability ¢y and to use the random
selection rule with the modification described in (i) otherwise. These
two modifications were already proposed in the context of ACO. The
use of a parameter to weight the relative importance of the heuristic
information, modification (i), is part of the random proportional rule
of Ant System (see AS transition rule in Table 5.1), the first ACO
algorithm ever published (Dorigo 1992b; Dorigo et al. 1991a, 1996);
while modification (ii) was used in the pseudo-random proportional rule
of Ant Colony System (see ACS transition rule in Table 5.1) and was
first introduced in (Gambardella and Dorigo 1996).

* Bounded local soil update uses two values, Ayux and Ay, to set, respec-
tively, the maximum and minimum change in the amount of soil for a
given solution component. This very same idea, in the form of upper
and lower bounds to the value of pheromones, was introduced in the
ACO variant called MAX-MZN Ant System, first proposed in a
Technical Report in 1996 (Stiitzle and Hoos 1996), and later published
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in (Sttitzle and Hoos 2000).

e Elite global soil update uses more than one water drop to update the
soil in the global soil update. The idea of using more than one solution
to update the pheromone trails was also explored in the context
of ACO. This was done with Elitist ant system, first proposed in
Dorigo’s PhD thesis (Dorigo 1992b) and then published in (Dorigo
et al. 1996).

» Combined local search adds a local search phase to the IWD algorithm.
As said when describing the ACO metaheuristic in Section 5.1, daemon
actions often consist of a local search that improves the solutions con-
structed by the ants. The first publications to introduce local search
in ACO algorithms are (Dorigo and Gambardella 1997a; Stiitzle and
Hoos 1997); these were followed by many other (e.g., Gambardella
et al. 1999; Maniezzo and Colorni 1999) and nowadays, the usage of
a local search routine is pretty standard in the best performing ACO
algorithms (Dorigo and Stiitzle 2004).

3. Msallam and Hamdan (2011) propose to reinitialize the soil and the ve-
locities of all water drops after reaching a certain number of iterations
without improving the global best solution. The very same reinitializa-
tion scheme proposed in (Msallam and Hamdan 2011) was proposed for
MMAS (Stiitzle and Hoos 1997, 2000) and has been widely used in the
ACO literature (Dorigo and Stiitzle 2004).

4. Alijla et al. (2014) propose to replace the original (i.e., Equation 5.3)
random selection rule of IWD with two ranking selection methods, one
linear and one exponential. Both selection methods rank in descending
order the feasible solution components according to their value of soil.
In linear selection, the probability of selecting a solution component is
computed using a linear function where a user selected parameter, SP,
controls the steepness of the gradient. In exponential selection, the feasible
components are weighted exponentially according to their ranks. These
two ranking selection methods aim to overcome three shortcomings of
IWD’s random selection rule, that is its inability (i) to accommodate
negative soil values, (ii) to differentiate between solution components with
small soil difference, and (iii) to control local stagnation. Unlike IWD,
ACO algorithms do not present these shortcomings because pheromones
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have always positive values, which avoids shortcoming (i), and there are
mechanisms to bound pheromones lower and upper limit, avoiding the
shortcomings (ii) and (iii).

Although the authors argue that these problems are caused by the way
in which the transition rule has been defined in IWD, shortcomings (ii)
and (iii) are rather the result of having negative soil values and of the
way in which global soil update is defined. That is, IWD has mechanisms
to manage solution components with negative and positive values in the
transition rule (see Equation 5.3 and 5.4); however, this is not the case for
the global soil update (see Equation 5.10) (see the discussion on the global
soil update in Section 5.3.3).

In this review, we have identified the ideas proposed to improve the per-
formance of IWD since its initial publication in 2007. A few articles seek to
overcome drawbacks and limitation of the metaheuristic (Alijjla et al. 2014;
Msallam and Hamdan 2011), while others propose modifications to enhance
its exploration-exploitation capabilities (Booyavi et al. 2014; Duan et al. 2008,
2009; Niu et al. 2012; Teymourian et al. 2016a). Although the research on IWD
is not particularly rich, we found that almost everything proposed to modify
this metaheuristic consists of ideas that were first proposed in the context of
ACO. In fact, most of these modifications can be matched directly to well-know
ACO variants that have been in the literature for many years, even before the
first IWD algorithm was proposed.

5.5 Summary

In this chapter, we compared the “novel” intelligent water drops metaheuristic to
ideas previously proposed in the context of ACO. The result from this analysis
shows that IWD is a particular case of ACO. In particular, the random selection
rule of IWD is a simplified version of the random proportional rule of ant
system, the very first ACO algorithm. The local soil update in IWD is a special
case of the local reinforcement that was proposed in the Ant-Q algorithm,
where the only minor difference between IWD and this early ACO variant is
the parameter Asoil;, which is computed using the water drop’s velocity and
the solution components’ soil; and heuristic undesirability. Last, the global soil
update of IWD is also a special case of an ACO variant, in this case the global
pheromone trail updating rule proposed in Ant Colony System, in which the
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parameter interval of p (that in ACO is [0,1]) is redefined to the interval [—1,0].
In addition to studying the metaheuristic components proposed in IWD, we
briefly analyzed the rationale behind the definition of Asoil; and the general idea
over which the local soil update is based. Our conclusion is that the metaphor
of “intelligent water drops removing soil from the ground of a river” is based
on unrealistic assumptions on how erosion works in river systems.

From the review of the literature of IWD, we found that most of the research
done on IWD is just a repetition of research ideas that had been explored in
the context of ACO. Indeed, with only one exception, all the modifications
proposed for the “novel” IWD metaheuristic have a direct correspondence with
a specific modification proposed many years before for an ACO algorithm.






Chapter 6

“Novel” Metaheuristics for
Continuous Optimization

In this chapter, we present a rigorous, component-based analysis of the grey
wolf optimizer (Mirjalili et al. 2014), the moth-flame algorithm (Mirjalili 2015a), the
whale optimization algorithm (Mirjalili and Lewis 2016), the firefly algorithm (Yang
2009), the bat algorithm (Yang 2010), the antlion optimizer (Mirjalili 2015b), and
the cuckoo search (Yang and Deb 2009), which are among the most widespread
“novel” metaphor-based metaheuristic algorithms! published in the literature.
These algorithms were chosen from the Evolutionary Computation-bestiary
(EC-bestiary) (Campelo and Aranha 2021a) using as sole criteria that they were
proposed for the approximate solution of continuous optimization problems
and that they were highly-cited (data from Google Scholar retrieved on June 12,
2023, shows the following citation counts: grey wolf optimizer: 11,841 citations;
moth-flame algorithm: 3,241 citations; whale optimization algorithm: 8,034 citations;
firefly algorithm: 4,869 citations; bat algorithm: 6,003 citations; antlion optimizer:
2,691 citations; and cuckoo search: 7,729 citations.)

In addition to deconstructing the seven algorithms into their components
and relating them with equivalent components proposed in well-established
techniques, such as particle swarm optimization and evolutionary algorithms, we
analyze the use of the metaphors that inspired these algorithms to understand
whether their usage has brought any novel and useful concepts to the field.
Thus, for each of the metaphors used in these algorithms, we evaluate whether
the following criteria are fulfilled:

!In this chapter, we may also refer to the studied metaheuristics simply as algorithms, since
they already have the words “algorithm” and “optimizer” in their names.
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¢ Usefulness — Does the metaphor bring useful ideas on how to solve
optimization problems?

* Novelty — Were the ideas brought by the use of the new metaphor novel
in the field of metaheuristics when they were proposed?

The main finding of our analysis is that, despite all these algorithms were
presented as novel approaches, none of them proposes any new ideas; rather,
their authors used variations of the same algorithm components that have been
for years in the literature of metaheuristics, framed them into new metaphors
and published them as new. In particular, we found that the grey wolf, moth-
flame, whale, firefly and bat algorithms use concepts that are the same as those
previously used in the context of particle swarm optimization, while the antlion
and cuckoo algorithms use those of evolution strategies and differential evolution.

From the analysis of the metaphors that inspired the seven algorithms, we
found that they cannot be used to explain the majority of the design choices
in them. The description of the metaphors in the articles are vague for the
most part; important aspects are not mentioned at all or lack sufficient detail
(such as, what exactly is being optimized in the behavior that inspired the
algorithm), while those that are irrelevant for the purpose of designing an opti-
mization algorithm are abundant and overemphasized (e.g., how many species
of fireflies/moths/whales exist and how amazing/fancy/unique they are in the
opinion of the authors). Additionally, we observed that it is common practice for
the authors of this kind of publications to relate metaphors and mathematical
models using (i) ideas that do not belong to the metaphor originally described,
and/or (ii) ideas that radically change the behavior that reputedly inspired the
algorithm.

6.1 Overview of Particle Swarm Optimization

Particle swarm optimization (PSO) (Kennedy and Eberhart 1995) is a population-
based algorithm proposed for the approximate solution of continuous optimiza-
tion problems. In PSO, a swarm of particles, each representing a solution to the
problem at hand, try to identify the most promising areas of the search space
by applying a set of rules that take into account the locations of good solutions
that they and their neighboring particles have visited in the past. To do so, each
particle i knows, at every iteration t, its current position ¥/, velocity 7/, and
personal best position 7, as well as the best position l? of the best particle in
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its neighborhood. The goal of using vectors p; (called cognitive influence) and
vectors I; (called social influence) is to combine the knowledge acquired by each
particle during the search with the knowledge of the best-informed individual
in the neighborhood of the particle.

Depending on the way the neighborhood is defined in the algorithm, it
is possible to create many different population topologies. For example, if
the neighborhood of a particle consists of the two adjacent (i.e., closest) par-
ticles we have the so-called ring topology, while assigning all particles to the
neighborhood of all other particles creates a fully-connected or gbest topology.
In the latter, the local best particle is called the global best and its position is
indicated by g;. When using the ring topology, the information about where
the best-so-far solution is located spreads slowly among particles, while with
the fully-connected or gbest topology the entire swarm knows immediately
the position of the best-so-far solution at each iteration. Along with these two
topologies, many others have been studied in the literature, including wheels,
lattices, stars, and randomly assigned edges (Mendes et al. 2004).

Since its initial publication, PSO has been extensively studied and applied
to many problems, resulting in a plethora of variants that range from little
refinements of the original algorithm to new versions of the algorithm that
contain quite elaborate changes and novel ideas. In the remaining of this section,
we present a number of PSO variants that are relevant to our study.

o Standard PSO (Shi and Eberhart 1998, 1999) — StdPSO. In StdPSO, particles
update their positions using the following rule:

1= %+, (6.1)

041 = Wi} + grd; © (B} — %) + gabi © (I - %), (62)

where w is called inertia weight and controls the effect of the velocity
vector at time ¢, ¢1 and ¢, are called acceleration coefficients and weigh
the relative importance given to the cognitive and social influence, a;
and Et’ are two random vectors? used to provide diversity to the particles’

movement, and ® indicates the Hadamard (entrywise) product between
two vectors.

ZNote that, in the formulation of the velocity update rule of PSO shown in Equation 6.2,
vectors 4} and Et’ are used instead of the random diagonal matrices Llit and Uét. While both
formulations are equivalent in practice, the use of the formulation in Equation 6.2 makes easier
to understand the comparisons that we make in this chapter.
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o Standard PSO 2011 (Clerc 2011; Zambrano-Bigiarin et al. 2013) — SPSO-2011.

This variant is a modified version of StdPSO that prevents the issue of
rotation variance. The velocity update rule of StdPSO was revised in
SPSO-2011 as follows:

3l = wdf + X, — ¥, (6.3)
Where X'isa randomly generatgd point in the hypersphere H;(c}, |c} —
X/|) with center ¢} and radius |¢} — ¥{|, and | - | indicates the vector’s L2
norm. The computation of the center ¢} is defined as follows:

¢ = (L{+ P +%))/3 (64)

where

(6.5)
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Fully informed PSO (Mendes et al. 2004) — FiPSO. In FiPSO, the velocity
update rule is as follows:

oo =x(d + X gl o (F - 7)), (66)
keT}

where x = 0.7298 is a constant value called constriction coefficient (Clerc
and Kennedy 2002), T/ is the set of particles in the neighborhood of i,
and ¢ is a parameter. As opposed to the existing PSO variants that use
the best-of-neighborhood model, in which the social influence of a particle
comes from either l;i or g, in FiPSO, a particle is influenced by all of its
neighbors. The social influence model proposed in FiPSO is referred to as
fully informed in the literature of PSO.

Simple dynamic particle swarms (Pefia 2008a,b) — SDPSs. This class of PSO
algorithms do not make use of the randomness induced by vectors 4;
and by in the position update rule of the particles. Also, they are often
implemented without a velocity vector 7}. Most SDPSs can be instantiated
from the following generalized position update rule:

(6.7)
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where € is a parameter and ¥ is a vector obtained by combining the
information of two or more particles in the swarm. Examples of how
vector ij can be computed in SDPSs include:

up—c’;l + uzfiz

Standard: i/ = 6.8
j= ©8)

=11 =12
Normal:ﬁz/\f(%,ﬁil—fﬂ), (6.9)

where ¥}! and #}2 are position vectors chosen according to some criterion,
and u; and up are two real parameters whose value is typically set in
the range (0, 1]. SDPSs algorithms vary in all kind of aspects, including
the number of particles participating in the computation of i, which can
be from 1 to all particles and the way in which the current position of a
particle is taken into account in the computation of ¥/ IRy

e Extrapolation PSO (Arumugam et al. 2007, 2009) — ePSO. In ePSO, particles
do not have a cognitive influence component (i.e., vector p;) and parameters
¢1: and @y are replaced by two so-called “extrapolation” coefficients. The
position update rule proposed for ePSO is as follows:

¥ =G+ ouge+ ou(d — %), (6.10)

where @1, = U[0,1]ky, g = kye¥2Dt, ky = ky = e~/ tmex, Al = |(F(F) —
f(%)))/f(§)], and f(-) refers to the objective function of a minimization
problem. This position update rule combines the information of the global
best solution (§;) with the current position of the particles (¥/) and adjusts
the displacement of the particle in terms of the difference between f(g)
and f(¥/). Because of the way @;; and ¢ are computed, a particle will
experience a strong attraction towards g; when its quality is much lower
than that of f(g;), and a weak attraction towards §; when its quality is
similar to f(g:).

6.2 Overview of Evolutionary Computation

As we outlined in Chapter 2, the field of evolutionary computation is vast
and includes several approaches, such as evolution strategies (Rechenberg 1971;
Schwefel 1977), genetic algorithms (Goldberg 1989; Holland 1975), genetic program-
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ming (Koza 1992) and differential evolution (Storn and Price 1997). In this section,
we overview the main concepts of evolution strategies and differential evolution,
which are the two metaheuristics that are more relevant for the analyses that
we present in the following sections.

6.2.1 Evolution Strategies

Evolution Strategies (ESs) (Back et al. 1991; Back and Schwefel 1993; Rechenberg
1971, 1973; Schaffer 1985; Schwefel 1981) are some of the best-known evolution-
ary algorithms proposed to deal mainly with continuous optimization problems.
In ESs, as in the rest of evolutionary algorithms, the idea is to simulate the
process of natural evolution in order to evolve one or several solutions by
iteratively applying the operators of parental selection, recombination, mutation
and survival selection (Michalewicz and Schoenauer 2013). To better illustrate
how ESs work, we can consider the classic (i + A)-ES (Schwefel 1981), which is
shown in Algorithm 7.

Algorithm 7 The (4 + A)-evolution strategy

1: begin

2: t<0

3: initialize p parents (solutions)

4: evaluate y parents

5: while not termination-condition do

6: t—t+1

7: apply recombination to u parents to create A offspring (new solu-

tions)

8: apply mutation to offspring

9: evaluate offspring
10: select u solutions from the set of (u-parents 4 A-offspring) and use

them as parents for the next iteration
11: end while
12: end

The (i + A)-ES is an algorithm in which a population of y solutions (parents)
produce A new solutions (offspring) to generate a population of  + A individu-
als. The population is then reduced again to u solutions that constitute the next
generation. As we show in Algorithm 7, in order to instantiate a (u + A)-ES, it
is necessary to choose the specific operators to be used. In the following, we
describe the operators proposed for the (u + A)-ES.
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* Parental selection. It refers to the way individuals that will be used to gen-
erate a new set of solutions are selected; the selection can be deterministic
(one or more specific individuals) or probabilistic (individual are selected
based on a probability distribution constructed based on their fitness,
ranking, etc.). In the (u + A)-ES, the parental selection operator can be
implemented in many different ways (Béck et al. 1997; Back and Schwefel
1993). One option that has been used is to let each parent generate one
single offspring at each iteration, which results in A = p.

* Recombination. The goal of recombination, which is also a type of pertur-
bation, is to create one new solution by combining the information of two
or more solutions taken from the current population. Recombination is of-
ten regarded as an optional component in the ( + A)-ES; however, it was
used in the early variants of ES and it can be applied in a variety of ways.
Some of the most common implementations are discrete, intermediate,
global-discrete and global-intermediate recombination (Back et al. 1997).

* Mutation. The goal of mutation, which is also a type of perturbation, is to
induce small random variations to all the variable encoded in the solutions.
ESs generate mutations by sampling a random distribution, such as, the
Gaussian distribution, that was used in the original algorithm (Schwefel
1981); the Cauchy distribution, that was introduced in (Kappler 1996) in
1994; and the Lévy distribution introduced in (Iwamatsu 2002; Lee and
Yao 2004) in 2002.

e Survival selection. As opposed to parental selection, survival selection
refers to the mechanism used to choose the solutions that will be elimi-
nated from the population. In (i + A)-ES, survival selection operates over
parent-offspring couplings, which means that parents will pass from one
generation to another until they are replaced by an offspring with better
fitness.

6.2.2 Differential Evolution

Differential Evolution (DE) (Price et al. 2005; Storn and Price 1997) is a more
recent EC approach proposed to solve continuous optimization problems. Simi-
larly to ESs, in DE, a population of individuals, each one representing a solution
to the considered problem, is iteratively improved by applying a number evo-
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lutionary operators. DE uses real-valued vectors to represent the individuals,
which are indicated as ¥, fori = 1,...,n. The main idea in DE is to use the
mutation and recombination operators to create a new population of solutions,
referred to as “trial vectors”, so that, at each iteration t, each each individual o?t’
is assigned a corresponding trial vector u/. Then, the survival selection operator is
used to decide which of the two vectors (J_C’ti or uti) will remain in the population
based on its solution quality.

As opposed to most evolutionary algorithms, DE does not make use of a
probability distribution in the mutation operator; rather, it uses a geometric
approach that is similar to the Nelder-Mead simplex search method to create a
new vector, called the mutant vector. The differential mutation operator, as it is
called in the DE terminology, is defined as follows:

mi= x4+ B (%) — x¢), (6.11)

where i indicates the ith individual in the population, B is a scaling factor,
and %7, X! and X{ are three vectors chosen from the population, such that
X # %P # X and X # %

The application of the differential mutation operator is followed by the
recombination operator (Equation 6.12) and then by the survival selection operator
(Equation 6.13).

ik _ m*, i (U[0,1] > pa) V (k = Kl ond)
£ ik

x;”, otherwise

, VK, (6.12)

L i/ if i} is better than X/

¥ = , (6.13)

X/ otherwise

where k = 1, ...,d allows to iterate between the values of the vectors, /[0, 1] is
a random number sampled from a uniform distribution, p, is a user-selected

parameter in the range [0, 1] that controls the fraction of values copied from the
Z,T&l?’l )
dimension that ensures that the trial vector is not a duplicate of the solution ¥;.

mutant vector (ﬁiti) into the trial vector (uti), and k;, . is a randomly chosen

In one iteration of DE, Equation 6.11, 6.12 and 6.13, are applied iteratively to all
the individuals in the population until a termination criterion is met.
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6.3 Exposing the Grey Wolf, Moth-Flame, Whale,
Firefly, Bat, Antlion, and Cuckoo algorithms

In this section, we analyze the grey wolf, moth-flame, whale, firefly, bat, antlion
and cuckoo algorithms. For each of them, we present (i) the algorithm using
the standard optimization terminology, (ii) a component-based comparison
with existing techniques, and (iii) the metaphor that inspired the algorithm
and discussion on whether it meets the criteria of novelty and usefulness. For
(i) and (ii), we avoid using the vocabulary introduced by the authors of these
algorithms because, as we show after presenting each of them, it is unnecessary
and misleading in many ways. In our view, one of the main reasons why
these algorithms have not been immediately recognized as minor variants
of well-established techniques is that they were presented using metaphor-
based terminologies that obfuscated their similarities with existing approaches.
Therefore, by explaining each algorithm in plain computational terms, we intend
to make clearly visible what ideas are being proposed in them and whether
they are truly novel or not. Also, we believe that presenting first (i) and (ii)
and leaving (iii) at the end allows the reader to better appreciate whether the
metaphor contributes at all to the design of the proposed algorithm. Finally, we
would like to mention to the reader that all seven algorithms discussed here
have publicly available implementations. The ones of the grey wolf, moth-flame,
whale and antlion can be downloaded from https://seyedalimirjalili.com/
and the ones of the firefly, bat and cuckoo from https://nl.mathworks.com/mat
labcentral/profile/authors/2652824.

6.3.1 Grey Wolf Optimizer

The grey wolf optimizer (Mirjalili et al. 2014) (GWO) is an algorithm in which the
three iteration-best solutions in the population are used to bias the movement
of the remaining solutions. This idea is implemented in GWO by defining three
vectors §tk (for k =1,2,3) as follows:

-1 _ =bestl 21 7 51 . —bestl  =i\abs
Sp = Xy — (27 —1) © (24} © X — %)

P = ESC 27 1) 0 QRO -H)T, Vi (614

St :xt


https://seyedalimirjalili.com/
https://nl.mathworks.com/matlabcentral/profile/authors/2652824
https://nl.mathworks.com/matlabcentral/profile/authors/2652824
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2bestl best2 2best3
/ t

where X; and %P5 are the three best solutions at iteration t, 7§ and §f
are two random vectors with values drawn from /[0, 1] that induce perturbation
to the components of 5F, ¢; is a parameter that decreases linearly from 2 to

0, 1 is a vector of all ones, and (-)2*

indicates the entrywise absolute value
of a vector. The entrywise absolute value of a vector is a transformation that
can be formally defined as (i)2® = (|u;], ... |u4|)T. The position update rule

combining the information of vectors §F is defined as follows:
%l = (51 +52+57)/3. (6.15)

The Grey Wolf Optimizer is PSO

The mathematical model of GWO is a variant of the one proposed for StaPSO.
To better explain how GWO compares to StaPSO, we consider first the mathe-
matical model of GWO without the perturbation component ¢¢(27f — 1), which
is as follow:

21 __ =bestl zbestl =i abs

St = X¢ ( q oF# t)

— — — —1 abS ;

Stz — x;bestZ ( q 0 xgoestZ xtl) , Vi (6.16)
23 __ =—best3 best3 ~i\abs

St = Xt ( ‘1 t)

Both StaPSO (Equation 6.5) and GWO (Equation 6.16) are based on the idea
of (i) defining, for each particle i in the population, a hyper-triangle in the search
space, whose vertices are a function of positions known by i, and (ii) using the
centroid of the hyper-triangle in the computation of i’s new position. The main
difference between the two algorithms is in the way in which the vertices of the
hyper-triangle are computed. While in GWO all particles compute the vertices
using the same three iteration-best solutions, that is, ¥Pt!, ¥Pet2 and ¥Pet3, in
StaPSO, each particle uses its local information, that is, vectors xt, pt and lt’.

In PSO, the goal of using vectors 7/, l:i and p/, where l:i is different for each
neighborhood and #/ is different for each particle, is to include components that
allow to balance the relation between exploration and exploitation of the search
space. Adding particles” previous velocity &/ to their new positions promotes
exploration, whereas attracting particles towards known good solutions, such as
Ti and p/, promotes exploitation. In contrast, in GWO, as seen in Equation 6.16,

the entire swarm is attracted towards the same three solutions ¥Pest!, ¥Pest2 and

xXPest3, which can be useful for intensifying the search in the area defined by
these vectors, but prevents particles from exploring other regions.

Not surprisingly, the authors of GWO found that their first version of the
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algorithm (which is, as far as it is understood in their article, the one using
Equation 6.16) resulted in a poor performing implementation that “is prone
to stagnation in local solutions” (Mirjalili et al. 2014, p. 50). To remediate this
issue, the authors added a second perturbation component to the computation
of vectors §f (Equation 6.14), which includes a random vector 7 multiplied by
a linearly decreasing parameter ¢;. This additional perturbation component
produces both positive and negative random values in the range [—2,2], deter-
mining a much stronger perturbation to the particles movement than the one
initially defined with vector §¥. To avoid particles divergence outside the search
space, the impact of ¢;(27F — 1) in the computation of vectors 5¥ is controlled
by parameter ¢; whose value decreases linearly from 2 to 0, allowing particles
to move closer and closer to ¥Pest!, ¥Pest2 and ¥Pest3 towards the end of the
algorithm’s execution.

In addition to the computation of vectors &, the position update rule of
GWO introduced in Equation 6.15 is the same as the computation of the center
Eti in StaPSO—see Equation 6.4. However, in StaPSO, vector Eti is the center of a
hyperspherical distribution from which a random vector is generated, whereas
in GWO the computed center becomes the new position of the particle. Because
of this difference, GWO's position update rule can also be compared with the
standard recombination rule proposed for SDPSs (Equation 6.8) extended to
three particles, where vectors ¥}!, ¥,? and ¥/ correspond to vectors 5¥ and
parameters 11, up and uz are set to 1.

The Metaphor of Grey Wolves Hunting

The authors of GWO say in their original paper (Mirjalili et al. 2014) that they
were inspired by the way in which “grey wolves organize for hunting following
a strict social hierarchy”, where the pack is divided, from top to bottom, in «, j3,
J, and w wolves. According to their description of grey wolves hunting behavior,
while a wolves usually take part in hunting and they are in charge of guiding
the rest of wolves participating in this activity, the § and § wolves only take

part in hunting occasionally. In GWO, vector ¥P®t! represents the a wolf, ¥Pest?

represents the B wolf, ¥ 3 represents the § wolf, and the rest of solutions in
the swarm represent the w wolves. However, since it is false that the entire
pack always participates in hunting every time, saying that solutions ¥Pest!,
xXPest2 and #Pest3 represent the a, B and ¢ is inaccurate, as it does not follow

the description of the “strict social hierarchy” of grey wolves that inspired the
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authors when proposing the algorithm.

The authors of GWO mention that there are three phases during hunting,
each one composed of a number of steps: (i) tracking, chasing, and approaching
the prey; (ii) pursuing, encircling, and harassing the prey until it stops moving;
and (iii) attacking towards the prey. However, GWO only considers 2 out of
the 7 steps mentioned: encircling, which is modeled using Equation 6.15, and
attacking, which is modeled by linearly decreasing the value of ¢; from 2 to 0 in
Equation 6.14. In the imagery of the metaphor, when ¢; is lower than 1, wolves
concentrate around the prey (therefore attacking it); and when it is greater than
1, they search for other prey. Note that, despite search is not an activity in the
hunting phases of wolves, the authors added this step to the metaphor and
explain it as “the divergence among wolves during hunting in order to find a
fitter prey” (Mirjalili et al. 2014, p. 50).

Based on the description of the “grey wolves hunting” behavior presented by
the authors of GWO and the way this behavior is used as a metaphor to develop
the proposed algorithm, it is clear that the only contribution of the metaphor is
to create confusion and to hide the similarities of the “novel” GWO with PSO.
In particular, GWO does not satisfy the criterion of usefulness because there
are no components in the behavior of grey wolves that can be used as effective
design choices in an optimization algorithm, as evidenced by the fact that the
mathematical model originally derived from this behavior resulted in a poor
performing technique that stagnated prematurely. Also, as it was shown in
the previous section, GWO does not satisfy the novelty criterion because all
the algorithm components of GWO correspond to particular cases of algorithm
components previously proposed for StaPSO and SDPSs.

6.3.2 Moth-Flame Algorithm

In the moth-flame algorithm (Mirjalili 2015a) (MFA), each solution in the popula-
tion is assigned a ranking (rank’) based on the quality of its current position (@),
which determines the specific neighbor of the population that will take part in
the computation of its position update rule; that is, the solution with rank: =1
will compute its new position using the best overall solution g/, the one with
ranki = 2 will use the second best solutions g2, and so on. Note that the set of
vectors g; is the same as the set of vectors p; in PSO, but ordered according to
their quality, so that §! corresponds to the vector §; with the highest quality
and g/" to the one with the lowest quality. The equation modeling this process
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is

%o =g+ (g -, (617)
with
¢t = e cos(2719), (6.18)

where (-)%° denotes the entrywise absolute value, § = (ﬁ —2)U[0,1] + 1 and
tmax is the iteration number at which the algorithm stops. There are two things
to note about Equation 6.18. First, the range in which the value of ¢ is computed
spans from [—1%, 1] to (—2,1] as the value of t grows; second, when § — —oo,
the value of ¢; — 0. Therefore, the probability of computing large values for ¢;
decreases towards the end of the execution of the algorithm, allowing solutions

. . ~ rank;
to move closer and closer to their respective vector g," .

In MFA, every t;,y/n iterations, the variable mnki of the worst n — m
solutions is set to rank. = m, where m is computed as m = round(n — %), n
is the population size, and round(-) indicates the round to the nearest integer
function. The goal of doing this is to stop using the p; vector of the n —m
solutions to influence the position update of other solutions. Because of the way
the value of m is computed, the number of solutions influencing the position
update rule of other solutions will decrease over the course of iterations, until
only the global best solution (g}!) is used to influence the movement of the
entire population. It is worth mentioning that, in (Mirjalili 2015a), the equation
used to compute the value of m is given by round((n — t)%) ; however, this

equation is wrong as it produces negative values when t > n.

The Moth-Flame Algorithm is PSO

The moth-flame algorithm is a variant of ePSO, where the only difference is that
MFA uses a model of influence that assigns each particle with the personal best
position of one specific neighbor depending on its ranking. Therefore, with the
exception of the model of influence, the comparison between MFA and ePSO
can be done directly, since it is possible to obtain the mathematical model of
MFA (Equation 6.17) just by setting ¢1; = 0 and k; = 1 in the position update
rule of ePSO (Equation 6.10).

In PSO, the model of influence (also known as selection of social influence
(Mendes 2004) or graph of influence (Clerc 2010)) (Mol) refers to the way in which
particles select other members of the swarm to influence their movement and
it is equivalent to the concept of parental selection in evolutionary algorithms.



82 CHAPTER 6. "NOVEL” METAHEURISTICS FOR CONTINUOUS OPTIMIZATION

In Section 6.1, we describe the two most popular Mols, which are the best-of-
neighborhood and the fully informed models. However, there are many other
models proposed in the literature of PSO, including random, in which particles
are influenced by a random neighbor (Kennedy 1999), ranked-fully informed
(Jordan et al. 2008), in which the contribution of each neighbor is weighted
according to its rank—see (Mendes 2004; Montes de Oca 2011) for a detailed
review.

Although, to the best of our knowledge, there is no PSO variant using
exactly the same Mol implemented in the moth-flame algorithm, the idea of
using a rank-based selection is not new at all in the metaheuristics literature.
For example, the ranking selection mechanism used in EAs assigns to each
individual a ranking based on its fitness value that determines the probability
of selecting it for the next generation (Bick et al. 1997; Grefenstette 2000). In the
deterministic version of the ranking selection, the best individuals are selected
from the population to pass to the next generation with the goal of both always
preserving the best solutions found at any iteration and of biasing the creation
of new solutions through recombination and mutation—see Section 6.2. In MFA,
the best solution found by each particle is kept in its personal best vector (#/)
and the only goal of using rankings is to create a mapping between a particle
and one of its neighbors to bias its movement.

A PSO variant that is similar to MFA in this regard is the rank-based PSO
with dynamic adaptation (PSO,,,x) (Akbari and Ziarati 2011), where each
particle receives influence from multiple neighbors and the contribution of each
neighbor is weighted according to three criteria: ranking, Euclidean distance,
and total number of neighbors. Similarly to MFA, in PSO,,,, the number
of neighbors influencing the particles at each iteration is controlled using a
parameter that decreases linearly according to the number of iterations, so that
all particles are eventually influenced only by the global best solution.

The Metaphor of Moths Navigation

As we showed in the previous section, the moth-flame algorithm is the same as
the ePSO algorithm except for the deterministic rank-based model of influence
component, which is an idea originally proposed in the context of evolutionary
algorithms and that is implemented in MFA in a similar way to PSO,,,x. There-
fore, the moth-flame algorithm does not meet with the criterion of novelty. In
this section, we analyze the behavior of moths that inspired the algorithm to
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check whether it has any component that can be useful from the point of view
of designing an optimization algorithm.

The author of MFA says that the inspiration for this algorithm is the “navi-
gation method of moths in nature” that allows them to move in a straight line
by maintaining a fixed angle with respect to the moon—a mechanism known
as transverse orientation according to Mirjalili (2015a). For developing MFA, the
author considered the case when moths are attracted to artificial lights, not to
the moon. In this case, moths engage in what the author referred to as “useless
or dead spiral fly path”, which happens because the transverse orientation
method is only useful to fly in a straight line when the light source is very far.
The flight of moths around artificial lights is modeled using Eqgs. 6.17 and 6.18,
where the set of current solutions (X,) represent “moths”, their personal best
positions (p,), called “flames”, represent artificial light sources, and the “useless
or dead spiral fly path” behavior is represented by computing the value of ¢;
using a logarithmic spiral function.

Although the behavior that inspired MFA is moths’ inability to escape from
artificial light sources due to transverse orientation, in the algorithm, the author
prevents this behavior by assigning “moths” (current solutions) to specific
“flames” (personal best solutions) and by gradually stopping the use of the
worst “flames” as the number of iteration grows. This is because, if “moths”
and “flames” are defined as fixed couplings in the algorithm (as they are in
the metaphor), a solution located in a poor quality region of the search space
will most likely be incapable of moving away from that region because the only
influence the solution has is its personal best solution. The author intended to
avoid this problem by changing the specific personal best solution to which a
current solution is assigned. However, this modification puts into question the
motivation to use the metaphor of moths in the first place, since the algorithm
following the “useless or dead spiral fly path” behavior of moths is, in the
words of the author, prone “to be trapped in local optima quickly” (Mirjalili
2015a, p. 232).

After analyzing the “useless or deadly spiral fly path” behavior of moths
that inspired MFA, the mathematical model derived from it, and the resulting
algorithm that is “prone to stagnation quickly”, it is obvious that the metaphor of
“moths navigation” does not meet the criterion of usefulness. Also, considering
the modification of assigning “moths” to specific “flames” that the author
introduced to make the algorithm actually be able to perform optimization,
radically changing the behavior of moths that inspired him to proposed MFA,
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the use of this metaphor of “moths navigation” in the context of optimization is
rather counterproductive.

6.3.3 Whale Optimization Algorithm

The whale optimization algorithm (WOA) (Mirjalili and Lewis 2016) is a combi-
nation of the mathematical models of GWO and MFA algorithms (all of them
proposed by the same authors), in which solutions are updated using one of
three possible position update rules (the three cases of Equation 6.19) that is
chosen on the basis of stochastic criteria. The mathematical model of WOA is

as follows:
- - g - - ~j\ab
- ouh-T) o Qfoxf %)™
Xl = XPest 4 oy (xPest — gf)abs if —Random_Neighbor A Exp_Coefficient
ﬂbest _ (Plt(z 7 — 1) (2 e OX ﬂbest — ¥

if Random_Neighbor

‘)abs if —Random_Neighbor A —Exp_Coefficient

(6.19)
where (-)? denotes the entrywise absolute value, X} indicates the current
pos1t10n of a randomly chosen neighbor k at iteration ¢, and vectors ¥P°!, 7,

qt, X} and parameter @y; are the same ones defined for computing vector 5! in

GWO (see Equation 6.14). In the remainder, we will refer to the three cases of
Equation 6.19 as first rule, second rule and third rule, respectively, to simplify our
analysis.

The computation of ¢y; in Equation 6.19 is given by
@o = € cos(2 1), (6.20)

with § = (;—- —2)U[0,1] +1, that is exactly the same as Equation 6.18 proposed
for MFA.

The specific position update rule that a particle will use depends on the
value of the logical variables Random_Neighbor and Exp_Coefficient, which
are defined as follows:

TRUE if 2r1—1 1
Random_Neighbor := #1121 )> ,
FALSE otherwise
(6.21)
TRUE if ¢[0,1] < 0.5
Exp_Coefficient := ,
FALSE otherwise
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where 77 ; indicates the first element of vector 7;. Because of the way the logical
variables Random_Neighbor and Exp_Coefficient are used in Equation 6.19, the
algorithm will select with higher probability the first rule during the first half of
its execution, and either the second rule or the third rule (but not the first one)
with the same probability during the second half. The reason why the first rule
is not selected by the algorithm during the second half of its execution is that
the value of ¢1; is lower than 1 and the probability of Random_Neighbor:=TRUE
when ¢q; < 11is 0.

The Whale Optimization Algorithm is PSO

WOA is a PSO algorithm that combines the mathematical models of StaPSO
and ePSO. To explain how WOA compares with StaPSO, let us consider initially
WOA's first rule and third rule. These two rules differ only in the vector that
is used to bias the particles” movement: ¥} (first rule) and ¥ et (third rule).
In Section 6.3.1, where we compared GWO with PSO, we discussed the fact
that the computation of vector 5! in GWO, which is the same as WOA'’s third
rule, is defined in the same way as vectors L} and P! in StaPSO (Equation 6.5),
with the only difference is that there is an additional perturbation component—
¢1¢(27; — 1)—that was introduced to avoid the premature stagnation issue that
affects GWO. Similarly, WOA's first rule is a variant of the mathematical model
shown in Equation 6.5, but in this case there is also the difference that the local
best particle (l:i) is replaced by a randomly chosen neighbor (¥f).

Unlike most PSO variants, WOA does not make use of a velocity vector (5{),
which is an algorithm component that, among others, allows particles to diverge
from moving exactly towards l? or f! and to explore other areas of the search
space. To compensate for the lack of a component such as 7, WOA lets particles
to be occasionally biased by ¥} (first rule) instead of by ¥Pt (second and third
rules). Therefore, although WOA's first rule is defined in the same way as vectors
Li and P! in StaPSO, the purpose of having this rule in the algorithm is rather
similar to the one of using vector &} in PSO algorithms—as it allows to introduce
diversity in the solutions. To control the impact of the first rule in the opti-
mization process and let particles converge towards ¥P°!, the authors of WOA
defined the value of the logical variable Random_Neighbor as a function of the
linearly decreasing parameter ¢q;, which results in Random_Neighbor:=FALSE
in the second half of the algorithm’s execution when ¢;; < 1.

Let us now consider the second rule—i.e., Pt + @p;(¥Pt — ¥})aP5—that
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allows particles to explore the area of the search space around the iteration-best
solution and that uses the exponential function to compute the value of ¢y;.
The ideas involved in the second rule of WOA are the same ideas introduced in
ePSO (Equation 6.10) described in Section 6.1, where particles do not make use
of vectors p; and the value of the acceleration coefficients is computed using the
exponential function. In fact, it is easy to see that the second rule of WOA can be
obtained from the position update rule of ePSO (Equation 6.10) just by setting
¢1: = 0 and k; = 1, where the only difference is that, in WOA, the displacement
of a particle towards #P°! is adjusted using a random value (see Equation 6.18),

whereas in ePSO it is adjusted based on the difference between f(#/) and f(g).

The Metaphor of Humpback Whales” Bubble-Net

The authors of WOA say that the inspiration for this algorithm is the “bubble-
net strategy” that humpback whales use for hunting (Mirjalili and Lewis 2016).
According to the description they provided in their paper, this strategy involves
performing two different maneuvers. The first maneuver is called “upward-
spirals” and consists in creating an upward spiral path of bubbles in the
water, while the second maneuver, called “double-loops”, is composed of three
different stages: coral loop, lobtail and capture loop. For developing WOA, the
authors only considered the “upward-spirals” maneuver. The “double-loops”
maneuver and its three stages are not described in the WOA paper.

The authors of WOA modeled the”spirals path of bubbles” created by whales
during the “upward-spirals” maneuver by computing parameter ¢,; in WOA's
second rule (Equation 6.19) using the exponential function. Since ¢, is the only
component in the algorithm that can be justified in terms of the metaphor of
whales, the authors added two more maneuvers to the metaphor originally
presented, one called “shrinking encircling” and the other called “search for
prey”. The “shrinking encircling” maneuver, whose mathematical model and
description are exactly the same ones of the “encircling” step in the grey wolf
optimizer (see Section 6.3.1) published by the same authors two years before
WOA, is used to justify the linearly decreasing value of ¢1; in WOA's first and
third rules and it is based on the idea that “whales can recognize the location
of prey and encircle them”; whereas the “search for prey” maneuver is used
to justify using the position vector of a randomly chosen neighbor k in WOA's
first rule and it is based on the idea that “humpback whales search randomly
according to the position of each other” (Mirjalili and Lewis 2016, pp. 53-54).
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7

There are several reasons why the metaphor of “humpback whales hunting”
that inspired WOA does not meet the criteria of usefulness and novelty. First,
since the authors do not provide a complete description of the humpback whales’
“bubble-net strategy” that inspired them, it is impossible to know what exactly
is the optimization behavior they observed in it. Second, the only component
taken from the behavior of humpback whales” “bubble-net strategy” presented
in the WOA paper is the idea of computing the value of parameter ¢y; using
the exponential function; however, as we discussed in the previous section,
this idea was already proposed before in the PSO literature in a variant called
ePSO. Third, the mathematical model of WOA is nothing but a combination of
the ones used in the grey wolf optimizer (Section 6.3.1) and moth-flame algorithm
(Section 6.3.2) algorithms, that were proposed by the same authors in 2014 and
2015, respectively, and that are variants of PSO.

Indeed, concerning the third point, in the WOA paper the authors mention
as follows: “The main difference between the current work [whale optimization
algorithm] and the recently published papers by the authors (particularly GWO
(Mirjalili et al. 2014)) is the simulated hunting behavior with random or the best
search agent to chase the prey and the use of a spiral to simulate bubble-net
attacking mechanism of humpback whales” (Mirjalili and Lewis 2016, pp. 52).
Although the authors acknowledge that there are similarities between WOA
and GWO, they only make a vague mention of the connection between the two
algorithms and fail to mention that the equation that models the spiral in the
whales” bubble-net mechanism is the exact same equation they used to model
the “useless or deadly spiral fly path of moths” in the moth-flame algorithm
(Mirjalili 2015a).

6.3.4 Firefly Algorithm

In the firefly algorithm (FA) (Yang 2009), at each iteration t, each solution i
in the population updates its position in the search space by moving towards
every other solution that has higher quality than its own. The process to update
solutions in this algorithm is carried out in two steps. In the first step, the
population is sorted bottom-up according to the solutions” quality, so that the
first solution to be updated is the one with the worst quality and the last one to
be updated is the one with the best quality. In the second step, following the
bottom-up order established before, each solution i determines the set W/ of
solutions with better quality than its own; sets its initial position 771250 = %/; and
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applies the following two equations:

Xipq = ﬁé,s‘wﬂr (6.22)
— 7 7 Z?)i /n_:li _ —1 — 7 —1
My = mlt,sfl + @ (wtl,s - mlt,sfl) +CTh s (6.23)

where z?)ti,s is an element of the ordered set W}, (piﬂi’s'ml is an acceleration
coefficient whose value is computed as a function of the Euclidean distance
between the two intermediate points ZT)ti/S and 7711;/571, ?ti,s is a vector whose
components are random numbers drawn from the uniform distribution /[0, 1],
and ¢ is a parameter. (In the remainder of this analysis, we will use the shorter
notation gof”’ﬁ as the meaning is clear from the context.) As it can be observed by
the way Equation 6.23 is defined, a solution updates its position by performing
|W!| movements, one for each solutions in W}, where the position obtained in
movement s — 1 (indicated by ﬁl’ils_l) is the starting position for the next one
(7715;,5). Also, it is worth noticing that, since the best quality solution has an
empty set W/, the new position of this solution is obtained by adding a random
vector C7ti,s to its current position.

W,

The acceleration coefficient ¢ is computed as follows:

=1i-e ) (6.24)

where |@ — 77| is the Euclidean distance between solutions @ and 7, and v and
1 are two parameters that allow to control, respectively, the weight given to
|@ — 71|? and to the exponential function. Because of the way in which @@
is defined, solutions have larger displacements when they are located close to
each other and smaller ones when they are located far away.

The Firefly Algorithm is PSO

FA is a variant of the SDPSs proposed by Pefia (2008a,b) using the extrapolation
coefficients of ePSO and the fully informed model of FiPSO. In order to explain
why FA is a combination of these PSO algorithms, we will consider two cases:
|Wi| = 1and |W}| > 1.

In the first case (i.e,, when |W/| = 1), a particle updates its position in only
one movement, which allows to combine Egs. 6.22 and 6.23 into one single
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equation as follows:
oy =%+ o (@] - 7)) + 27, (6.25)

As it can be easily seen, it is possible to obtain Equation 6.25 from the position
update rule of SDPSs (Equation 6.7) by setting j = W), € = golt’wi, and by
computing the value of q)lt’wé using the strategy proposed in ePSO (Equation 6.10).

The only difference is that, in FA (Equation 6.24), the value of (pi’wi is adjusted
in terms of particles” Euclidean distance, while in ePSO (Equation 6.10) it is
adjusted in terms of the difference between their objective function evaluation.
Except for this minor difference, when |W/| = 1, the position update rule of FA
is a special case of the one used in SDPSs with extrapolation coefficients (ePSO).

In the second case (i.e., when |W/| > 1), the mathematical model of FA
(that is, Egs. 6.22 and 6.23) involves the recursive addition of |W!| exponentially
weighted vectors. In this case, the mathematical model of FA is the result
of using the same algorithm components mentioned before (i.e., the position
update rule of SDPSs (Equation 6.7) and the extrapolation coefficients of ePSO
(Equation 6.10)) with a particular case of the fully informed model of FiPSO
(Equation 6.6). Differently from FiPSO, where particles add as many vectors as
their number of neighbors, in the version of the fully informed model used in
FA, particles only add the vectors of those neighbors with better quality than
their own.

The Metaphor of Fireflies Flashing/Brightening

Although the author of FA says that the algorithm is inspired by the “flashing
behavior of fireflies”, which consists of short, rhythmic flashes that fireflies pro-
duce (Yang 2009, p.171), the only idea the author used to develop the algorithm
is that “fireflies are attracted towards other brighter fireflies”.

Most of the metaphor of “fireflies brightening” (as opposed to the one of
“fireflies flashing”) is explained in terms of the different set of values that can
be obtained by varying the value of parameter y (Equation 6.24), for which the
author considered two limit cases. The first case is when -y goes to 0 and the
value of ¢@" goes to 1, making the attraction among fireflies constant regardless
of their distance in the search space. In the imagery of the fireflies metaphor,
this is the case when “the light intensity does not decay in an idealized sky”
and “fireflies can be seen anywhere in the domain” (Yang 2009, p. 174). The
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second case is when 7 goes to co and the value of ¢®" goes to 0, which makes
the attractiveness among fireflies negligible and new solutions are created only
by means of the random perturbation g?ti,s (see Equation 6.23). According to the
author, this is the case when fireflies are either “short-sighted because they are
randomly moving in a very foggy region”, or (for reasons not explained in the
paper) “fireflies feel almost zero attraction to other fireflies.”

As we mention before, the firefly algorithm is not really inspired by the
behavior of “fireflies flashing”, but on the phenomenon of light attenuation (i.e.,
the reduction in intensity of a light beam as the beam propagates in matter due
to the joint action of the absorption and scattering of light) and the connection
that the author makes between light intensity and the objective function of an
optimization problem. For the author of FA, since fireflies produce light through
bio-luminescence, they can represent candidate solutions for an optimization
problem, and since the quality of the solution can be associated with the
intensity of the light it emits, it follows that: the “brighter” the “firefly”, the
better the solution it represent and the more “attractive” it becomes to other
“fireflies”.

The reasons why FA does not meet the criterion of usefulness are: (i) it
is unclear what is the optimization behavior that the author observed in the
behavior of “fireflies flashing” that can be used to develop a new optimization
algorithm; (ii) the central elements in the “fireflies flashing” behavior (i.e., short
and rhythmic light flashes) are not considered in the algorithm design of FA; and
(iii) in the metaphor of “fireflies brightening”, the association between “fireflies”
and “brightness” only adds a new, unnecessary terminology to refer to the
concepts of solution and solution quality. In addition to this, FA does not fulfill
the criterion of novelty because, as we showed in the previous section, FA uses
the same ideas that were proposed before in SDPSs, ePSO and FiPSO.

6.3.5 Bat Algorithm

The bat algorithm (BA) (Yang 2010) is a population-based algorithm in which
new solutions are generated in two possible ways: (i) by identifying good search
directions that are estimated based on the position of g, or (ii) by generating a
random point around §; and accepting it on the basis of stochastic criteria. To
do so, each solution has two parameters associated: pi, which is the probability
of randomly generating a solution around g that increases over time, and {:,
which is the probability of accepting the new solution that decreases over time.
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This position update rule of BA is the following;:

& + (; 7!, if Generate A Accept
§i ety P . (626)

fti+1 = . -

X/ +0},, if (Generate A (—Accept))V (—Generate)
where {; is the average of the parameters ¢! of all the solutions in the population,
and 7/ is a vector with values randomly distributed in Z[—1,1]. The logical

variables Generate and Accept are defined as follows:

TRUE  if pi > U[0,1]
FALSE otherwise ’

pecept = 4 B (FE) < f@) Ao < g

FALSE otherwise

Generate :=

(6.27)

where f(-) refers to the objective function of a minimization problem.

In BA, at each iteration t and with probability i, a solution i generates a
random point around g; that it keeps in a variable Z/. The newly generated
point Z/ is accepted as the new position of i only when Accept:=TRUE, which
happens when two conditions are met: first, the quality of Z/ is higher than that
of g, and second, Z/ is accepted with probability {:.

In the case when either Generate:=FALSE (i.e., the random solutions was
never generated) or Accept:=FALSE (i.e., Z/ was rejected), solution i generates
a velocity vector (7}) that is added to its current position ¥/, as shown in the
second case of Equation 6.26. Vector 7/, ; is computed as follows:

t+1
Gl = 0] +d © (3 — &) (6.28)
with
di = Qmin + 8t (Pmax — Pmin), (6.29)

where @iy < @max are two parameters and @/ is a vector whose values are
sampled from /[0, 1].
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The equations to update the probabilities p} and {! are:

piia = po(1 — e F1F)

; B2 C; if Generate A Accept (6.30)
§t+1 = ; )

(i otherwise

where 1 > 0 and 0 < B, < 1 are parameters, ¢’ is an iteration counter that

is updated every time Generate A Accept := TRUE, and py is the initial value

of parameter p. Note that, in Equation 6.30, the value of pi tends to pp and

the value of Ci tends to 0. Also, note that, as the value Ci decreases with the

number of iterations, so does the value of é t; therefore, for increasing t values,

the solutions generated in the first case of Equation 6.26 will be closer and closer

to gt

The Bat Algorithm is PSO

The bat algorithm is a simplified variant of the standard PSO algorithm (StdPSO)
combined with a simulated annealing (SA) acceptance criterion (Cerny 1985;
Kirkpatrick et al. 1983). First, in order to show that BA is a simplified vari-
ant of StdPSO, we compare Egs. 6.26, 6.28 and 6.29 of BA with the position
(Equation 6.1) and velocity (Equation 6.2) update rules of StdPSO.

In BA, the second case of Equation 6.26 is exactly the same as the position
update rules in StdPSO (Equation 6.1), that consist in adding a velocity vector
to a particle’s current position. Also, the velocity vector is computed in the
same way in both algorithms. By setting w = 1 and ¢; = 0, the velocity update
rule of StdPSO (Equation 6.2) simplifies to the one of BA (Equation 6.28). The
perturbation component d7t in BA (Equation 6.29) is equivalent to the term (ngi
in StdPSO (Equation 6.2). The only difference is that the value of the acceleration
coefficient ¢ in Equation 6.29 is computed in the range [@min, Pmax] With the
goal of varying the magnitude of the perturbation induced by @/. One of the
first PSO variant using the idea of varying the value of the control parameters of
PSO is the “time-varying acceleration coefficient PSO” (Ratnaweera et al. 2004),
in which the value of ¢; linearly increases from ¢,,;; to @yax.

Now, we will compare BA with simulated annealing (SA) (Kirkpatrick et al.
1983), which is a single solution based algorithm for solving combinatorial
optimization problems proposed in the early 80’s. As shown in Equation 6.29,
BA uses the concept of generating new solutions around §; and accepting
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them on the basis of a decreasing probability (parameter {!). This idea comes
originally from SA, where a parameter called temperature (T) that decreases over
time is used to decided when to accept a worsening solution. In the context of
SA, the so-called cooling scheme is used to control the updates of parameter T
iteration after iteration (Franzin and Stiitzle 2019). In BA, parameter Ci plays
the same role as parameter T in SA. Also, the model used in BA to update
the value of {! (Equation 6.30) is the same as the well-known geometric cooling
scheme, which was proposed in the very first version of SA by Kirkpatrick et al.
(1983). One minor difference is that, in BA, the value of { ff is updated only when
a solution is accepted, while in SA the value of T is typically updated at the
end of each iteration.

The Metaphor of Bats Echolocation

The author of BA says that the inspiration for this algorithm is “the behavior
of echolocation that some bats species use to find preys, avoid obstacles and
discriminate between different objects” (Yang 2010, p.66). For developing BA,
the author “idealized” several aspects of this behavior. In the words of the
author, it was assumed that: (i) “all bats use echolocation for sensing distance”,
(ii) “bats are able to differentiate in some magical way between food/prey and
background barriers”, (iii) “bats can automatically adjust the frequency and
rate in which they are emitting sound”, and (iv) “the loudness of their sound
can only decrease from a large value to a minimum constant” (Yang 2010, pp.
67-68).

To explain BA, the author considered that bats have two different flying
modes, which correspond to the two cases in Equation 6.26. In the first mode,
bats fly randomly adjusting their “pulse emission rate” pi and “loudness” {:.
According to the author, small values for parameter pi and large ones for (!
represent when “bats are randomly searching for a prey”, while the opposite
case (i.e., large values for p! and small ones for (i) represent when “bats have
found a prey and temporarily stop emitting any sound” (Yang 2010, p.70). The
mathematical model of bats adjusting their “pulse emission rate” and “loudness”
is given by Equation 6.30. For the second flying mode, which is modeled using
Egs. 6.28 and 6.29, the authors considered that bats control their step size and
range of movement by adjusting their “sound frequency” (modeled by vector 1;71;
in Equation 6.29) and by moving towards the best bat in the swarm; parameters
@min and @y represent “the range of frequencies in which bats emit their
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sound”.

As there are so many simplifications and unrealistic assumptions in the
behavior of “bats echolocation” as idealized by Yang (2010), it is impossible
to understand how this behavior was taken into account at all for developing
BA. Consider, for example, the unlikely ideas that bats use the location of the
global best bat while hunting, or that the loudness of their sound can only
decrease, or that they have a “magical” ability to differentiate between food/prey
and background barriers. For this reason, BA does not meet the criterion of
usefulness. Also, as we showed in the previous section, BA uses concepts
originally proposed in StdPSO and SA that were published, respectively, in 1995
and 1983, thereby failing also in the criterion of novelty. Unfortunately, it seems
evident to us that the only goal of using the metaphor of “bats echolocation” has
been to hide the fact that the algorithm is unnecessary as its only contribution
is a bats-inspired terminology to refer to well-known concepts.

6.3.6 Antlion Optimizer

In the antlion optimizer (ALO) (Mirjalili 2015b), a population of u solutions
are randomly selected for recombination with the global best solution (g;) in
order to produce A new solutions, with A = u. In ALO, at the beginning of
each iteration, each solution in the population P is given a probability of being
selected for recombination with g; as follows:
Pr(xf) = “flti (6.31)
Y, £16(XF)

where Pr(¥f) is the probability of selecting solution ¥f € P and fit(-) is a
function that maps the quality of a solution with a real positive value, so that
the better the quality of a solution, the greater the value returned by fit(-).
It is worth noticing that, since g; is an element of P, the solution with higher
probability of being selected for recombination with g is the solution g; itself.

The equation used to recombine solutions in order to create the set of A new
solutions is:

vk o gzl
i X"+ .
x;H:ngfforz:l,...,A (6.32)
where ¥}¥ is a vector generated by perturbing solution ¥} that has been ran-

domly selected with repetitions from P based on the probabilities computed
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using Equation 6.31, and g/’ is a vector generated by perturbing &;.

The computation of vectors ¥;¥ and ¢/ is done using an elaborated procedure
that involves performing a random walk of s-steps for each dimension of each
vector. This procedure is defined as follows:

(Rls—p —min(R])) x (a] - 1)

ul = , .
max(R}) — min(R})

+17{, forj=1,...,d; forii € {xF, 3}

(6.33)
where vector i/ is a variable used to iterate between vectors J_C’tk and g, Ri isa
sequence of ¢ values computed using a 1-dimensional random walk on Z that
starts at 0 and moves +1 or —1 with equal probability at each step s, R]tllsz 0
indicates the last value in the sequence R], and functions min(-) and max(-)
return, respectively, the minimum and maximum values in R]t Vectors &; and

1+, which are computed as:

(xb/w)) +ul  ifU(0,1) > 05

o = : .
(—x}/¢;) +ul  otherwise

Vi (6.34)

and .
(x}/y) +ul  ifU(0,1) > 05

| | Vi, (6.35)
(—x)/¢:) +ul  otherwise J

e =
allow to use a fraction 1/; of the upper (xL];) and lower (x{ ) bounds of each
dimension of the vector being perturbed to normalize the values of the random
walk R]t around them. Finally, to create the population that will be used in the
next iteration, the best y solutions are selected from the set of u + A solutions
at the end of each iteration.

The Antlion Optimizer is an ES

As the reader familiar with evolutionary algorithms must have realized by now,
the algorithm components proposed for ALO are the same as those proposed
in the context of evolution strategies (ESs)—see Section 6.2. In particular, Equa-
tion 6.31 corresponds to the fitness proportional parental selection, Equation 6.32
corresponds to the intermediate recombination, and Equation 6.33 corresponds
to the spherical/isotropic mutation. In fact, as ALO uses the elitist (4 + A) sur-
vival selection mechanism, it is virtually the same as the (y + A)-ES (Schwefel
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1981), where the only difference is that, in ALO, mutation is applied before
recombination, while in the (u 4+ A)-ES it is applied after recombination.

Although most of the components in ALO can be easily recognized as evolu-
tionary operators, this may not be necessarily the case for the spherical/isotropic
mutation. The mutation operator implemented in ALO (Equation 6.33) uses
a complex procedure that involves computing a random walk (Equation 6.33)
and two other equations (Egs. 6.34 and 6.35) to mutate each dimension of
a vector, whereas the procedure implemented in ESs (Equation 2.1) requires
sampling normally distributed values. The 1-dimensional random walk over
Z implemented in ALO (that starts at 0 and adds +1 or —1 with equal prob-
ability at each time step s) is commonly known in the literature as the simple
isotropic random walk (Codling et al. 2008) and its diffusion model is given by
the Gaussian distribution with mean 0 and variance s for a sufficiently large
number of time steps s. Using this fact, the complex procedure proposed for
ALO in Equation 6.33 to compute vectors ¥/¥ and §/' can be reformulated in a
much simpler and computationally efficient way as follows:

¥ =xF+ N(0,90), (6.36)

=3+ N(0,p1), 6.37)

where 1; is the time-varying parameter that the authors of ALO introduced in
Egs. 6.34 and 6.35.

The Metaphor of Antlions Hunting

The author of ALO says that the inspiration for the algorithm is the “intelligent
behavior of antlions in hunting ants in nature” (Mirjalili 2015b, p.81). According
to the description of this behavior provided in the ALO paper, the strategy that
antlions use for hunting consists in the following steps: (i) digging a cone-shaped
pit in the sand, (ii) hiding underneath the sand at the bottom of the pit, and (iii) waiting
for prey to fall in the pit so that they can catch it.

In ALO, the y solutions at the beginning of each iteration represent “antlions”
and the fitness value of the solutions—computed using fit(-) in Equation 6.31—
represent “the size of the pit in which the antlion constructed and is hidden
at the bottom”. Accordingly, in the imagery of the metaphor, the “fitter” the
“antlion”, the larger its pit and the higher its chances of catching an ant. To model
the behavior of ants randomly moving in the sand, the author used Egs. 6.33,
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6.34 and 6.35 that involve performing a random walk on Z. For Mirjalili (2015b),
the computation of vectors ¥1* and g/ in Equation 6.33 represent the “influence
of antlions pits on the random walk of ants”, and computing the arithmetic
average of those two vectors (Equation 6.32) represents “the final position of the
ant”. Also, when a new solution has higher quality than the one used to create
it—i.e, when f(¥/, ) is better than f(¥}*)—this represents the case when “an
ant reaches the bottom of the pit and is caught in the antlion’s jaw” (Mirjalili
2015b, p.83). Finally, the fact that vector g; is always used when recombining
two solutions (Equation 6.32) represents the fact that “each ant can be caught by
an antlion in each iteration and the elite (fittest antlion)” (sic) (Mirjalili 2015b,
p-82).

As the reader should have realized by now, the metaphor of “antlions
hunting” is nothing but a far-fetched way to explain the proposed antlion
optimizer. The “novel” antlion optimizer proposed in 2015 does not meet
the criterion of novelty because, as we showed in the previous section, it is a
variant of the (4 + A)-ES proposed roughly 35 years before ALO. Also, the
mathematical model derived from the metaphor of “antlions hunting” resulted
in an inefficient procedure to perturb solutions (Egs. 6.33, 6.34 and 6.35) that
produces the same kind of perturbation as the simple spherical/isotropic mutation
(Equation 2.1). Therefore, ALO does not meet the criterion of usefulness.
Finally, it is worth pointing out that, similarly to what we observed for the other
metaphors analyzed in this chapter, many of them proposed by the same author,
it is impossible to understand what is the optimization process/component
observed by the author in the behavior of antlions that inspired him to propose
this algorithm.

6.3.7 Cuckoo Search

While carrying out our analysis of cuckoo search, we found that the algorithm
proposed in (Yang and Deb 2009, 2010) and the implementation provided by the
authors in Matlab in (Yang 2021) are quite different; moreover, neither of them
really follows the metaphor of the cuckoos that inspired the algorithm. In the
remainder of this section, similarly to how we did for the other six algorithms,
we describe cuckoo search in plain computational terms, compare it with known
approaches, and analyze the metaphor that inspired the algorithm; however,
we present all this information in a slightly different way. After presenting the
implementation of the algorithm, we examine the metaphor of the “cuckoos
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parasitic behavior” and analyze the way it was (mis)used to develop the cuckoo
search algorithm. Then, we highlight the many inconsistencies that exist among
the metaphor, the algorithm and the implementation of cuckoo search. Lastly,
we show that the implementation of cuckoo search in Matlab (which is referred
by its authors as the correct way to implement the algorithm) is equivalent to
the (4 + A)-ES using the mutation and recombination operators proposed in
DE.

The Implementation of Cuckoo Search

According to the publicly available implementation in Matlab (Yang 2021),

cuckoo search is an iterative, population-based algorithm that consists of the

following four steps.

Step 1 (initialization). Create a set of y initial solutions ¥; randomly distributed
in the search space using the following equation:

xtiico = U5, ub¥), fori=1,...,uandk=1,...,d, (6.38)

where t is the iteration number, I/ is a random uniform distribution, b
and ub* are the lower and upper limit of dimension k, and d is the number
of dimensions in the problem.
Step 2 (perturbation). Perturb all u solution ¥/ by adding a random vector 7/ as
follows:
¥ =xi4a7, fori=1,...,n, (6.39)

where ¥/ is the perturbed solution, 7/ is a random vector whose compo-
nents are sampled from a Lévy distribution £, with scale parameter 7,
and « is a parameter that controls the magnitude of the perturbation.
Step 3 (selection). Compare each pair (¥/, fti/) on the basis of the objective
function f(-) and select the one that has higher quality. This is formally

done as follows:

. x! if (") is better than f(¥!
b 5 e FE) 610

X{, otherwise

Step 4 (recombination). With probability 1 — p,, apply recombination to the kth

component of vector ¥/, using two randomly selected solutions o_c’tl,l € Ly

and J'c'tTi € M;, where sets L; and M; contain each a copy of the population
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after executing step 3 (selection), i.e., a copy of J_C'ti, fori=1,...,n. Step 4
(recombination) is computed as follows:

. XKL 1400,1] - (21K — xmHRy e u0,1] >
ko= 03] (xp™ = x7) OAZPr e v (641)
X, otherwise

. 1
Solutions ¥,
that is, each solution is used once as J_C’tl, and once as 56;71. Note that it can

and J_C'[,”i are selected from sets L; or M; without replacement,

be the case that J_C’tli = ftmi = J?ti, in which case vector J?tl is not modified.
After finishing the process of recombination, solutions are evaluated once
again.
The implementation of cuckoo search consists in applying step 1 (initialization)
once and then repeating step 2 (perturbation), step 3 (selection) and step 4
(recombination) iteratively until a termination criterion is met.

The Metaphor of Cuckoos’ Parasitic Breeding Behavior

In the first two articles proposing cuckoo search (Yang and Deb 2009, 2010),
which are the ones typically cited to reference the algorithm,® the authors de-
scribe the cuckoo search algorithm using as a metaphor the “parasitic breeding
behavior of cuckoos”, a behavior that, according to them and to the reference
that they cite in their article, some species of cuckoos practice. In the words of
the authors:

“Cuckoos are fascinating birds, not only because of the beautiful sounds they can
make, but also because of their aggressive reproduction strategy. Some species such
as the ani and guira cuckoos lay their eggs in communal nests, though they may
remove others’ eggs to increase the hatching probability of their own eggs (Payne
et al., 2005). Quite a number of species engage the obligate brood parasitism by
laying their eggs in the nests of other host birds (often other species). There are
three basic types of brood parasitism: intraspecific brood parasitism, cooperative
breeding and nest takeover. Some host birds can engage direct conflict with the
intruding cuckoos. If a host bird discovers the eggs are not its own, it will either
throw these alien eggs away or simply abandons its nest and builds a new nest
elsewhere. Some cuckoo species such as the new world brood-parasitic Tapera have

evolved in such a way that female parasitic cuckoos are often very specialised in

3 (Yang and Deb 2009): 7,729 citations; and (Yang and Deb 2010): 2,843 citations. Source:
Google Scholar. Retrieved: June 12, 2023.
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the mimicry in colour and pattern of the eggs of a few chosen host species (Payne
et al., 2005). This reduces the probability of their eggs being abandoned and thus
increases their reproductivity.”

(Yang and Deb 2009, p. 210) and (Yang and Deb 2010, pp. 331, 332)

“The timing of egg-laying of some species is also amazing. Parasitic cuckoos often
choose a nest where the host bird just laid its own eggs. In general, the cuckoo eggs
hatch slightly earlier than their host eggs. Once the first cuckoo chick is hatched,
the first instinct action it will take is to evict the host eggs by blindly propelling
the eggs out of the nest, which increases the cuckoo chick’s share of food provided
by its host bird (Payne et al., 2005). Studies also show that a cuckoo chick can also
mimic the call of host chicks to gain access to more feeding opportunity.”

(Yang and Deb 2009, p. 210) and (Yang and Deb 2010, p. 332)

To translate the metaphor described above into an algorithm, the authors
simplified the process into three idealized rules. In the words of the authors:

“For simplicity in describing our new Cuckoo Search (Yang and Deb 2009), we
now use the following three idealized rules:

— Each cuckoo lays one egg at a time, and dumps it in a randomly chosen nest;

— The best nests with high quality of eggs (solutions) will carry over to the next
generations;

— The number of available host nests is fixed, and a host can discover an alien egg
with a probability p, € [0,1]. In this case, the host bird can either throw the egg
away or abandon the nest so as to build a completely new nest in a new location.
For simplicity, this last assumption can be approximated by a fraction p, of the n
nests being replaced by new nests (with new random solutions at new locations).”
(Yang and Deb 2010, p. 332)

In addition to these rules, the description of cuckoo search is limited to one
equation that is used to generate new solutions as follows:

“When generating new solutions X"*1) for, say, a cuckoo i, a Lévy flight is

performed.

2" = %! 4 0 @ Lévy(\) (6.42)

” (Yang and Deb 2009, p. 211) and (Yang and Deb 2010, p. 333).

The authors of cuckoo search refer to Equation 6.42 as “Lévy flights” because
it makes use of the Lévy distribution to sample random numbers. Note that,
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because of the use of the metaphor of cuckoos, the authors introduced new
terminology, in particular, they used three different words (eggs, nests and
cuckoos) to refer to a candidate solution to the problem—see the three idealized
rules above.

However, this terminology is not clear and the authors are not consistent
with its use. If we consider the first rule: “Each cuckoo lays one egg at a time, and
dumps it in a randomly chosen nest” that is modeled using Equation 6.42, it is
understood that ¥/ is the position of the cuckoo, the term a ® Lévy(A) that is

(t+1) is the nest to which

added represents the distance the cuckoo flew, and X;
the cuckoo arrived and deposited the egg. However, in (Yang and Deb 2009,

p. 211), the terminology seems to be used differently:

“For simplicity, we can use the following simple representations that each egg in a
nest represents a solution, and a cuckoo egg represent a new solution, the aim is
to use the new and potentially better solutions (cuckoos) to replace a not-so-good

solution in the nests.”

According to this “representation”, what the authors refer to as an egg and a
cuckoo is inverted with regard to their first rule and to Equation 6.42; that is,
in the excerpt above, the egg represents the initial solution ¥/ and the cuckoo
represents the new and potentially better solution ¥ i(tH).

The most serious problem with the metaphor, however, comes from the
second rule, which says that “The best nests with high quality of eggs (solutions)
will carry over to the next generations”. While the metaphor of the cuckoos” parasitic
behavior describes a process in which cuckoos lay their eggs in the nest of other
birds and some of these eggs survive and some others do not (as specified in
the third rule), there is no mention of a selection mechanism to get rid of the
low quality eggs that were laid in the different nests. However, by including
the second rule as part of the rules that define the cuckoo search algorithm
and saying that these rules are taken from their cuckoos metaphor, the authors
implied that selection is part of the cuckoos metaphor when it is not.

Inconsistencies Among the Components of Cuckoo Search

There are three important components that should help understanding how
cuckoo search works: the metaphor, the algorithm description and its implemen-
tation. Unfortunately, we discovered that the concepts brought forward by the
metaphor are hardly used in the algorithm and that the algorithmic procedure
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proposed for cuckoo search in (Yang and Deb 2009, 2010) and the implementation
provided by its authors in Matlab in (Yang 2021) are quite different.

Differences between metaphor and algorithm — The authors of cuckoo search say
that they were inspired by the cuckoos” parasitic reproduction behavior, that is, by
the cuckoos’ strategy of laying eggs in the nest of other birds; and by the fact
that cuckoos’ eggs laid in the nests of other birds are sometimes identified by
those other birds, that can either remove them from the nest or abandon them
in the nest. They translated this behavior into a set of rules as follows:

i at each iteration, each cuckoo lays one egg in a randomly chosen nest;
ii the number of nests is fixed and each nest can host only one egg;
iii the best quality eggs at the end of iteration t will pass to iteration t + 1;
iv with probability p,;, an egg is removed from the nest and replaced by a
new one in a new location.

However, in the cuckoos’ parasitic reproduction behavior there is no mecha-
nism that allows the cuckoos to select the best “quality” eggs that survive and
therefore it cannot be used to “inspire” rule iii. Indeed, by including this rule
as part of the algorithm description, the authors made the cuckoos’ parasitic
reproduction behavior look as an optimization process, when this is not the
case. Also note that the central idea in rule iii is no other than the evolutionary
concept of “the survival of the fittest”, which was originally introduced to the
tield of stochastic optimization by the evolutionary computation community
and, as we describe in detail below, it is one of several concepts used in cuckoo
search that belong to the (1 + A)—evolution strategy (Schwefel 1981).

Differences between algorithm description and algorithm implementation — In (Yang
and Deb 2009, 2010), the authors of cuckoo search provided the pseudocode
of the algorithm (reported in Algorithm 8) and, in (Yang 2021; Yang and Deb
2010), an example of its correct implementation. In the following, we present
the many differences we found between these two components. We do so by
comparing Algorithm 8 to steps 14 that correspond to the implementation of
the algorithm in Matlab—see (Yang 2021) for details.*

The first difference to note between steps 1-4 and what is depicted in
Algorithm 8, is that, in Algorithm 8, there is not a for loop to iterate over all the
p solutions in the population. Therefore, differently from step 2 (perturbation), in

“We remind the reader that the code of the algorithm is also publicly available in the
Appendix: Demo Implementation of (Yang and Deb 2010) in the version published in the arXiv
repository: arXiv:1005.2908.
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Algorithm 8 Cuckoo search algorithm as published in (Yang and Deb 2009,
2010)

1: begin

2: Objective function f(¥), x = (x1,...,x4)"

3 Initial population of n hosts nests X;(i = 1,2,...,n)

4 while (t < MaxGenerations) or (stop creiterion) do

5: Get a cuckoo (say 7) randomly by Lévy flights
6: Evaluate its quality/fitness F;
7
8
9

Choose a nest among #n (say j) randomly
if (F; > F;) then
: Replace j by the new solution
10: end if

11: Abandon a fraction (p,) of the worse nests [and build new ones at
new locations via Lévy flights]

12: Keep the best solutions (or nests with quality solutions)

13: Rank the solutions and find the current best

14: end while

15: Postprocess results and visualization

16: end

Algorithm 8, Equation 6.39 is applied only to one solution i randomly selected
from the population at every iteration (line 5 of Algorithm 8).

The second difference has to do with step 3 (selection). In this step, after a
solution ¥/ has been perturbed using Equation 6.39, either the perturbed solu-
tion ¥/’ or the initial solution ¥/ is accepted as %!, depending on its quality—see
Equation 6.40. However, in Algorithm 8 this is done differently. In Algorithm 8,
the condition in the if statement (line 8 of Algorithm 8) says that if f(X}) is
better than f (J_c’t] ), where J_c’t] is a randomly chosen solution, then J_c’t] is replaced
by the perturbed solution J_C’ti/. Clearly, since j is chosen randomly, it may or may

not correspond to i.

The last and most important difference we found concerns step 4 (recombi-
nation) and the original corresponding algorithm instruction indicated in line
11 of Algorithm 8. First, according to the rules derived from the metaphor by
the authors, solutions are supposed to be removed randomly, but in line 11
of Algorithm 8 this is done deterministically. Second, although the authors
do not give precise directions on how to implement line 11 of Algorithm 8,
from what it is written in this line, it is understood that the solutions are first
ranked (otherwise it is not possible to know which ones are the worst) and
then Equation 6.39—that is, the equation of the “Lévy flights”—is applied to
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the worst (p, x n) solutions. However, in the Matlab implementation, line 11 of
Algorithm 8 is implemented using Equation 6.41, that recombines two randomly
selected solutions and uses them to perturb the solution vector probabilistically
and dimension-wise.

It is therefore unclear whether the authors definition of cuckoo search is the
one presented in the paper (i.e., Algorithm 8) or in the Matlab implementation.
Indeed, in (Yang and Deb 2010, p. 3)°, they write:

“A demo version is attached in the Appendix (this demo is not published in the
actual paper, but as a supplement to help readers to implement the cuckoo search

correctly).”

The Cuckoo Search is an ES

We can easily see that cuckoo search is an evolution strategies, namely the (y + A)-
ES (Schwefel 1981) with two minor modifications. To explain in detail these
two modifications, in Algorithm 9, we report the cuckoo search algorithm as
implemented by its authors (see steps 14 in Section 6.3.7).

Algorithm 9 Cuckoo search as implemented in (Yang 2021)

1: begin

2: t<0

3: initialize u cuckoos (solutions) > Eq. 6.38
4: evaluate u cuckoos

5: while not termination-condition do

6: t—t+1

7: apply mutation to u cuckoos to create u eggs (new > Eq. 6.39

solutions)

8: evaluate eggs

9: select y solutions from the set of (y-cuckoos + p-eggs) > Eq. 6.40
10: apply recombination to the y selected solutions > Eq. 6.41
11: evaluate the u selected solutions and use them as cuckoos

for the next iteration
12: end while
13: end

As we discussed above in Section 6.2, in order to instantiate the (y + A)-
ES, it is necessary to choose the specific type of parental selection, mutation,
recombination and survival selection to be used. The same is true for cuckoo

SThis quote is taken from the version of (Yang and Deb 2010) that is published in the arXiv
repository in arXiv:1005.2908.
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search. In the following, we discuss one by one the way the EC operators have
been selected in cuckoo search.

* Parental selection — As it can be seen in lines 3, 7 and 9 of Algorithm 9 and
lines 3, 7 and 10 of Algorithm 7, both the (1 4+ A)-ES and cuckoo search
use the same parental selection mechanism. That is, at each iteration, y
parents generate A offspring, with u = A.

e Survival selection — In the (u + A)-ES, survival selection operates over
parent-offspring couplings, which means that parents will pass from one
generation to another until they are replaced by an offspring with better
fitness. As it can be seen in Algorithm 9, line 9 and Equation 6.40, cuckoo
search uses the same survival mechanism than the (u + A)-ES to select
between cuckoo-egg couplings.

* Mutation — Both ESs and cuckoo search generate mutations by sampling
a random distribution. While cuckoo search uses the Lévy distribution,
in ESs, there are a number of possible options: the Gaussian distribution,
that was used in the original algorithm (Schwefel 1981); the Cauchy
distribution, that was introduced in (Kappler 1996) in 1994; and the Lévy
distribution introduced in (Iwamatsu 2002; Lee and Yao 2004) in 2002.
Therefore, the mutation operator used by cuckoo search is exactly the

same as in ESs.

* Recombination In cuckoo search, recombination—see Algorithm 9, line 10
and Equation 6.41—differs in two aspects from the way this operator is
traditionally implemented in ESs.

The first difference is that the specific recombination mechanism imple-
mented in cuckoo search was originally defined for differential evolution
(see Section 6.2). In particular, if we set = 1[0, 1] in Equation 6.11 of DE,
the recombination operator proposed in Equation 6.41 becomes the same
as the creation of the trial vector in Equation 6.12.

The second difference is that in cuckoo search recombination is applied
at the end of the while loop—line 10 of Algorithm 9; differently, in
(4 + A)-ES, recombination is applied at the beginning of the loop—line 7
of Algorithm 7. Similarly to ESs, the recombination operator is optional in
cuckoo search, since it can be removed from the algorithm implementation
by setting parameter p, = 0 in Equation 6.41; in this case cuckoo search
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is exactly the same as the (1 + A)-ES. However, when parameter p, > 0,
the two algorithms become equivalent starting from iteration 2; in fact, in
Algorithm 9 parental selection and recombination (line 10) are followed by
mutation (line 7) and then by survival selection (line 9). As cuckoo search
does not follow the normal order in which the four main components of
evolutionary algorithms are used, solutions have to be evaluated twice at
each iteration of the while loop, which results in wasting computational

time.

6.4 Summary

In this chapter, we presented a rigorous, component-based analysis of seven
widespread metaphor-based metaheuristics—grey wolf optimizer (GWO), moth-
flame algorithm (MFA), whale optimization algorithm (WOA), firefly algorithm (FA),
bat algorithm (BA), antlion optimizer (ALO), and cuckoo search (CS)—in which
we first identified the ideas proposed in each of them, and then, we compared
them with those that have been proposed in the context of particle swarm
optimization (PSO) and evolution strategies (ESs). We showed that, although
the seven metaheuristics were presented as “novel” approaches by their authors,
they lack any novelty, as GWO, MFA, WOA, FA, BA are variants of PSO, and
ALO and CS are variants of ESs. Also, we evaluated the metaphors that inspired
the seven metaheuristics according to the criteria of usefulness and novelty that
we defined, and found that none of the metaphors have been useful to develop
a novel optimization algorithm, nor is there a sound motivation that justifies
their use.

As discussed in chapter 4, the publication of metaphor-based algorithms
has detrimental effects to the field of metaheuristics, such as creating confusion
in the literature, hindering our understanding of the existing metaheuristic
algorithms, and making it troublesome to compare algorithms both conceptually
and experimentally. Unfortunately, despite the ample evidence suggesting that
the only purpose of framing algorithms into new metaphors is to conceal their
similarities with other techniques published before and to make it difficult to
see that there is nothing really novel in them, proving that this is the case for all
(or a great majority) of them would be very challenging due to the myriad of
algorithms of this kind already published and the fact that more appear all too
often. Therefore, it is urgent that metaphor-based algorithms are not published
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anymore unless their authors (i) present the algorithms using the standard
optimization terminology, and (ii) are able to show that the new behavior leads
to new ideas that are useful in optimization.
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Chapter 7

Metaheuristic Software Frameworks

A metaheuristic software framework (MSF) is a parameterized software tool
that contains the design space of a metaheuristic. In other words, it is a
software implementation of the components of a metaheuristic and of the
many different ways in which they can be combined to create metaheuristic
implementations. To automatically generate a metaheuristic implementation,
the MSF is used in combination with an automatic configuration tool (ACT),
which, as explained in Chapter 3, iteratively executes the MSF with different
configurations and evaluates its performance on a set of problem instances
until a configuration for the MSF (which, in this case, represents a concrete
metaheuristic implementation) is found that satisfies the needs of the user.

It is important to differentiate between the concepts of automatic configu-
ration and automatic design. The former refers to the task of fine-tuning the
parameter values of an already defined metaheuristic design, while the latter
refers to composing new metaheuristic designs by recombining their compo-
nents in new ways in addition to fine-tuning their parameters values. This
distinction between automatic configuration and automatic design is useful as
they have different objectives. The goal in automatic configuration is to find
a well-performing parameter setting for a considered metaheuristic without
changing the components of its implementation. On the other hand, in auto-
matic design, the goal is typically to explore new combinations of components
and parameter settings never considered before.

111
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7.1 Automatic Design Using MSFs

Most MSFs proposed in the early days, with very few exceptions (such as
ParadisEO (Cahon et al. 2004; Keijzer et al. 2002) and (Durillo et al. 2010)
that we discuss below), only enabled the use of ACTs to perform automatic
configuration tasks. If the users were interested in performing also automatic
design tasks using these MSFs, they had to make major adaptations to the
code of the MSF in order to extend its metaheuristic design space with new
components and rules to combine them. In the worst case scenario, a complete
re-implementation of the MSF was necessary. Today, the way the design of
MSFs is approached has changed dramatically. Differently from their earlier
counterparts, most modern MSFs strive to have a flexible, modular design that
allows users to apply them to solve different kinds of problems and to easily
extend them with new metaheuristic components and rules to combine them.

Metaheuristic [ Problem instances ]—

components

Parameterized MSF
Rules for combining > [ interface

components

User-defined stopping
Metaheuristic design space criterion
embedded in the MSF

Automatic
Configuration

Figure 7.1: General approach for combining modular MSFs and ACTs.

The general approach for combining MSFs with flexible, modular design and
the use of ACTs to instantiate ad hoc metaheuristic implementations for specific
problems or problem instance distributions is shown in Figure 7.1. The goal of
this approach is to enable the automated solution of new problems instances
by letting the configuration tool find an effective metaheuristic implementation.
Therefore, human intervention is necessary only in those cases in which one
wishes to add new metaheuristic components to the MSF; fortunately, this task
is typically rather easy thanks to the modular design of the MSFs.

Often, the main challenge in the creation of MSFs is the definition of the
rules that control the way the different metaheuristic components can be com-
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bined. There are two main ways to do so: algorithm templates and grammar-based
programming. Algorithm templates (or top-down design) consists in creating a
parameterized algorithm template in which the metaheuristic components are
represented as possible alternatives in a typically fixed algorithmic procedure.
Differently, in grammar-based programming (or bottom-up design) the correct
combination of components is checked against a grammar, that is, a set of
“production rules” that are applied repeatedly. The main difference between
the two approaches is that algorithm templates can be much easier to define
than grammars but provide limited flexibility in the metaheuristic implementa-
tion’s design (such as components recursion), whereas using grammar-based
programming can be conceptually more difficult but allows to create designs
that are much more complex (Mascia et al. 2014).

7.2 Main MSFs Available in the Literature

As shown in Table 1, there are several MSFs proposed in the literature that
enable the use of automatic design of metaheuristics. In the table, the MSFs can
be categorized by the main kind of metaheuristic components that are included
in the software framework and the type of problems they can be used to tackle.
Note that the last four MSFs in the table are of a more general nature as they
include components from multiple different metaheuristics. It is worth noting
that the list in Table 1 is not exhaustive. Indeed, in a recently published paper
(Dréo et al. 2021), some of the current maintainers of ParadisEO identified other
47 MSFs that are available on the web. However, many of them are either closed
source, unmaintained, and/or were not aimed at designing new metaheuristic
implementations (i.e., they only enable the use of automatic configuration
and therefore they only optimize the value of numerical parameters). In the
following, we discuss some of the MSFs listed in Table 1, paying particular
attention to ParadisEO, HeuristicLab, jMetal and EMILI, which currently are
some of the most comprehensive and actively maintained.

ACO-TSP-QAP — ACO-TSP-QAP (Lopez-Ibéfiez et al. 2017) is MSF for
ACO that allows to solve instances of the traveling salesman problem (TSP) and
the quadratic assignment problem (QAP). ACO-TSP-QAP provides a unified
implementation of the following ACO variants, Ant system (AS), MAX-MZIN
ant system (MMAS), Elitist ant system (EAS) (Dorigo 1992b), Rank-based ant
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system (RAS) (Bullnheimer et al. 1999a), Ant colony system (ACS) and Best-
worst AS (BWAS) (Cordoén et al. 2000), while keeping a clear separation between
the problem-specific components—such as the representation of the solutions
and constraints of the problem—and the ones with general applicability—such
as pheromone update rules, restart mechanisms, and local search procedure.

MOACO — The multiobjective ACO software framework (MOACO) (Lépez-
Ibafiez and Stiitzle 2012) allows to tackle multiobjective combinatorial opti-
mization problems. In MOACO, the authors synthesize the metaheuristic
components of several multiobjective ACO implementations proposed in the
literature into a single generalized algorithm template that allows to combine
them in many different ways. Similarly to ACO-TSP-QAP, MOACO keeps a
separation between metaheuristic components operating at different levels of
the metaheuristic design, particularly between those at a multiobjective level,
such as the use of multiple pheromone matrices, and those at a single-objective
level, such as the pheromone initialization, updating and evaporation. The
goal of separating components in this way is to be able to focus the design
process on finding performing combinations of multiobjective components,
while delegating the single-objective details to an effective, already designed
ACO implementations, such as MMAS or ACS.

UACOR — UACOR (Liao et al. 2014a) is unified software framework for
ACO on continuous domains (UACOR) that includes metaheuristic components
of three popular ACO variants proposed for the approximate solution of contin-
uous optimization problems, namely ACOR (Socha and Dorigo 2008), DACOR
(Leguizamén and Coello 2010), and IACOR-LS (Liao et al. 2011). UACOR was
build using a modular design that allows the use of automatic configuration
tools, in this case irace, to generate high-performing continuous ACO imple-
mentations. The experimental study of UACOR showed that the automatically
generated ACO implementations were, in fact, either competitive or superior
than state-of-the-art techniques, such as the popular CMA-ES with incremental
population (Auger and Hansen 2005).

ABC-X — ABC-X (Aydin et al. 2017a) is a MSF for the artificial bee colony
algorithm (ABC) (Karaboga et al. 2005; Karaboga and Basturk 2007), that was
developed by integrating and extending the ideas proposed in a number of
ABC variants. The authors of ABC-X defined a generalized mathematical model
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for the main search equation of ABC that allows to instantiate a large number
of existing variants and to create many new ones never proposed before. The
performance of ABC-X was evaluate on a large set of continuous functions and
it was found to be better than the state-of-the-art of ABC.

ParadisEO — ParadisEO (Cahon et al. 2004; Dréo et al. 2021; Keijzer et al.
2002) is a well-known MSF whose initial development dates back to the early
2000’s. This MSF includes four main modules that allow users to compose
metaheuristic designs, namely: evolving object for population-based metaheuris-
tics, moving objects for local search algorithms, estimation of distribution objects
for estimation of distribution algorithms, and multiobjective evolving objects for
multiobjective optimization. Some of the key features of ParadisEO are: (i)
it has a high runtime speed (as it is implemented in C++), (ii) it integrates
a state-of-the-art benchmarking and profiling tool called IOHprofiler (Doerr
et al. 2018) that allows to simplify the process of comparing and evaluating
implementations against a benchmark, and (iii) it has an active community of
maintainers. ParadisEO has been applied to solve optimization problems for
more than two decades. However, in its early days it was manually configured
and its use in the context of automatic design is something that has been in-
vestigated much more recently in the literature (Dréo et al. 2021). To the best
of our knowledge, the first work in this direction is (Aziz-Alaoui et al. 2021),
where the authors studied 19 genetic algorithms for the W-model problem that
were automatically generated using ParadisEO and irace; among the several
tindings of the authors are that the implementations automatically generated
by irace were able to outperform all manually created baseline algorithms and
that the fast computations that ParadisEO is able to provide allow to tackle
large design spaces in short wall-clock times.

HeuristicLab — HeuristicLab (Wagner and Affenzeller 2005) is an optimiza-
tion software system developed in the early 2000’s that incorporates an MSEF. In
its current version 3.3, released in 2010, the MSF of HeuristicLab has modules
for instantiating many different machine learning and metaheuristic algorithms
(e.g., genetic programming, evolutionary computation, particle swarm optimiza-
tion, and simulated annealing). In addition to providing an MSFE, HeuristicLab
also has a number of useful features: (i) it uses a meta-model that allows to
represent arbitrary optimization algorithms; (ii) it allows to manipulate and
define metaheuristic designs via a graphical user interface; (iii) it gives easy
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access to many problems instances that can be used for benchmarking purposes;
and (iv) it provides interactive charts for results analysis. It should be noted
that, while ParadisEO and EMILI (described below) are implemented in C++,
HeuristicLab is implemented in C# and is therefore slower. Except for one paper
addressing the algorithm selection problem (Beham et al. 2018), we could not
find any work specifically targeting the automatic design of metaheuristics
using HeuristicLab.

jMetal — jMetal (Durillo et al. 2010), developed in 2009, is an optimization
software system implemented in Java that incorporates an MSF in addition to
several other useful features. jMetal is focused on multiobjective optimization
problems, and therefore, it allows to instantiate many state-of-the-art meta-
heuristics of this kind, such as NSGA-II (Deb et al. 2002), GDE3 (Kukkonen
and Lampinen 2005), and IBEA (Zitzler and Kiinzli 2004). However, in its
current version, jMetal also includes components from a number of single-
objective algorithms, such as differential evolution, particle swarm optimization,
and CMA-ES. The main features of jMetal are that (i) it provides a simple
graphical user interface that allows to set the parameters of the metahueristic
implementation; (ii) it gives access to five popular testbeds that can be used
for benchmarking purposes (e.g., ZDT (Zitzler et al. 2000), DTLZ (Deb et al.
2005), and WFG (Huband et al. 2006)); (iii) it makes available some of the most
widely used quality indicators used in multiobjective optimization, namely
hypervolume (Zitzler and Thiele 1999), spread (Deb et al. 2002), generational
distance (Van Veldhuizen and Lamont 1998), inverted generational distance
(Van Veldhuizen and Lamont 1998), and epsilon (Knowles et al. 2006); and (iv)
it offers support for performing experimental studies, including the automatic
generation of IXIEX tables, statistical pairwise comparison using the Wilcoxon
test, and R boxplots. There are several examples of the use of jMetal for au-
tomatically creating metaheuristic implementations in the literature (see for
example (Nebro et al. 2019) and (Doblas et al. 2022)).

EMILI — EMILI (Pagnozzi and Stiitzle 2019), whose initial development
dates back to 2015, is an MSF that implements metaheuristic-specific and
problem-specific components for stochastic local search algorithms. In its
current version, EMILI is mostly used for single-solution metaheuristics (e.g., it-
erated local search, tabu search, simulated annealing, etc.), but its design makes
it easily extensible to population-based metaheuristics. The main particularity
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of EMILI is its architecture, which uses a grammatical representation to validate
possible combinations of algorithm components: the components that make up
the metaheuristic implementation and the order in which they will be executed
are checked against a grammar and then encoded as a character string, so that
only valid combinations are produced. Then, EMILI translates the character
string into a parametric form that can be executed by an ACT. Other impor-
tant features of EMILI are: (i) that it implements a strict separation between
algorithm-related components and problem-related components, and (ii) that it
allows to consider algorithms as recursive metaheuristic components. So far,
the two most relevant works using EMILI to automatically create metaheuristic
designs and implementations are: (Pagnozzi and Stiitzle 2019), which is focused
on hybrid stochastic local search algorithms for permutation flowshop problems;
and (Franzin and Stiitzle 2019), which is focused on simulated annealing for
the quadratic assignment and permutation flowshop problems.

7.3 Summary

The creation of MSFs with flexible, modular design that can be used together
with an ACTs is a promising research direction in the field of metaheuristics. The
goal of this approach is twofold: first, to reduce the need for manual (human)
intervention in the design process of metaheuristic implementation; and second,
to allow users to easily instantiate high-performing, ad hoc implementations
for specific problems or problem instance distributions. In the next chapter,
we describe in detail PSO-X, which is a MSF for particle swarm optimization
that was created in the context of this research work. PSO-X has a design that
is similar to UACOR and ABC-X, and is currently the most complete MSF
proposed in the literature for PSO.



Chapter 8

PSO-X: A Flexible, Modular
Framework for Particle Swarm
Optimization

Particle swarm optimization (PSO) has been the object of many studies and
modifications for more than 25 years. Ranging from small refinements to the
incorporation of sophisticated novel ideas, the majority of the modifications
proposed to this metaheuristic have been the result of a manual process in
which developers try new designs based on their own knowledge and expertise.
However, as discussed in great detail in Chapter 3, manually introducing
changes is very time consuming and makes the systematic exploration of the
metaheuristic design space a difficult process.

In this chapter, we present PSO-X, a metaheuristic software framework (MSF)
specifically designed to integrate the use of automatic configuration tools (ACTs)
into the process of generating PSO implementations. Our framework embodies
a large number of metaheuristic components developed over more than 25 years
of research that have allowed PSO to deal with a large variety of problems,
and uses irace, a state-of-the-art configuration tool, to automatize the task of
selecting and configuring PSO implementations starting from these components.
We show that irace is capable of finding high performing instances of PSO
implementations never proposed before.

119



120 CHAPTER 8. PSO-X: A FLEXIBLE, MODULAR FRAMEWORK FOR PSO

8.1 Preliminaries

8.1.1 Main Concepts of PSO

Particle swarm optimization (Eberhart and Kennedy 1995; Kennedy and Eber-
hart 1995) is a randomized optimization algorithm where a set of “particles”
search for approximate solutions of continuous optimization problems. In PSO
each particle moves in the search space by repeatedly applying velocity and
position update rules. Each particle i has, at every iteration ¢, three associated
vectors: the position ¥/, the velocity 3/, and the personal best position /. The
vector ¥/ is a candidate solution to the optimization problem considered whose

quality is evaluated by the objective function f(-).

In addition to these vectors, each particle i has a set N of neighbors and
a set I' of informants. Set N’ contains the particles from which i can obtain
information, whereas I' C N contains the particles that will indeed provide
the information used when updating i’s velocity. The way the sets Ni—which
define the topology of the swarm (Kennedy and Mendes 2002)—and the sets
I'—which we refer to as models of influence—are defined are two important
design choices in PSO. Sets N’ can be defined in many different ways producing
a large number of possible different topologies; the two extreme cases are the
fully-connected topology, in which all particles are in the neighborhood of all
other particles, and the ring topology, where each particle is a neighbor of
just two adjacent particles. Examples of other partially connected topologies
include lattices, wheels, random edges, etc. The model of influence can also
be defined in different ways, but the vast majority of implementations employ
either the best-of-neighborhood which contains the particle with the best personal
best solution in the neighborhood of i (which includes particle i itself), or the
fully informed model, in which I' = N'.

In the standard PSO (StaPSO) (Shi and Eberhart 1998), the rule used to
update particles’ position is

t+1 == ftl + _)ti_t,_l/ (81)

where the velocity vector 7/ 41 of the it particle at iteration t + 1 is computed
using an update rule that involves @}, p}, and lqt". The vector l:i indicates the
best among the personal best positions of the particles in the neighborhood of

i; formally, it is equal to 7} where k = arg min;e i { f (7])}. Note that when a
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fully-connected topology is employed, vector Tti becomes the global best solution
and is indicated as g;.

The velocity update rule of StaPSO is defined as follows:
01 = Wb} + @13, (Bl — %) + o2l (I} - %), (82)

where w is a parameter, called inertia weight, used to control the influence of the
previous velocity, and ¢; and ¢, are two parameters known as the acceleration
coefficients that control the influence of (j/ — /) and (I] — /). The goal of
vectors (pf — X!) and (I] — %), respectively known as the cognitive influence
(CI) and the social influence (SI), is to attract particles towards high quality
positions found so far. U, and U}, are two d x d diagonal matrices whose
diagonal values are random values drawn from ¢/(0, 1]; their function is to
induce perturbation to the CI and SI vectors.

The rule to update the personal best position of particle i is

¥ 3 ((F(FL) < f(BD) A (34 €9))

. (8.3)
p{ otherwise.

=1 .
Piy1 =

8.1.2 Previous Work on the Automatic Design of PSO

Compared to the number of works devoted to other widely used metaheuristics,
such as ant colony optimization (Lépez-Ibafiez and Stiitzle 2012), evolutionary
computation (Bezerra et al. 2016; Nobel et al. 2021), and artificial bee colony
(Aydin et al. 2017b), there are very few previous work attempting the automatic
design of particle swarm optimization implementations. The two most relevant
of these works are (Miranda and Prudéncio 2015; Poli et al. 2005), where the
authors used grammatical evolution (GE) to evolve novel velocity update rules
in PSO. The main limitation of these works is the low number of different
components that can be combined. In (Poli et al. 2005), only the social and
cognitive components of the velocity update rule can be automatically designed;
while, in (Miranda and Prudéncio 2015), the list of components includes also
the topology and swarm size, but the grammar that defines the rules to combine
components is based on the standard version of PSO and makes difficult to
include recent metaheuristic components.

To overcome these limitation, we propose PSO-X, a flexible, component-
based framework containing a large number of metaheuristic components
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previously proposed in the PSO literature. In PSO-X each metaheuristic com-
ponent can assume a set of different values and PSO-X generates a specific
PSO implementations by selecting a value for each possible component. To
do so, PSO-X uses a generalized algorithm template that is flexible enough
to combine the metaheuristic components in many different ways, and that is
sufficient to synthesize many well-known PSO variants published in the last
two decades. Most of the flexibility in PSO-X is achieved through the use of a
generalized velocity update rule—the core component of PSO. The goal of using
a generalized velocity rule is to facilitate the abstraction of the elements typically
used in this metaheuristic component, in order to allow the combination of
concepts that operate at different levels of the metaheuristic implementation
design. For example, with our template and the generalized velocity update
rule, a high-level component such as the type of distribution of all next possible
particle positions can interact with specific types of perturbation and a number
of strategies to compute their magnitude.

PSO-X provides two important benefits when implementing PSO: first, the
possibility of easily creating many different implementations combining a wide
variety of metaheuristic components from a single framework; second, the
possibility of using automatic configuration tools to tailor implementations
of PSO to specific problems according to different scenarios. Our aim is to
show that developing PSO implementations using PSO-X is more efficient and
produces implementations capable of outperforming their manually designed
counterparts. To assess the effectiveness of our PSO-X framework, we compare
the performance of six automatically generated PSO implementations with
ten of the best known variants proposed in the literature over a set of fifty
benchmark problems for evaluating continuous optimizers.

8.1.3 Automatic Algorithm Configuration Using irace

We employed a state-of-the-art offline configuration tool called irace (Lépez-
Ibafiez et al. 2016). This tool has been shown to be capable of dealing with the
task of selecting, configuring and generating high-performing metaheuristic
implementations by finding good configurations whose performance can be gen-
eralized to unseen problem instances. To do so, irace implements a procedure
called iterated racing (L6pez-Ibédfiez et al. 2016), which is based on the machine
learning model selection approach called racing (Maron and Moore 1997) and
on Friedman’s non-parametric two-way analysis of variance. Iterated racing
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consists of the following steps. First, it samples candidate configurations from
the parameter space. Second, it evaluates the candidate configurations on a set
of instances by means of races, whereby each candidate configuration is run on
one instance at a time. Third, it discards the statistically worse candidate config-
urations identified using a statistical test based on Friedman’s non-parametric
two-way analysis of variance by ranks. During the configuration process, which
is done sequentially and uses a given computational budget, irace adjusts
the sampling distribution in order to bias new samplings towards the best
configurations found so far. When the computational budget is over, irace
returns the configuration that performed best over the set of training instances.
irace is capable of handling the different types of parameters included in our
framework, that is, numerical (e.g., w, ¢ or ¢,,), categorical (e.g., topology),
and subordinate parameters, that is, parameters that are only necessary for
particular values of other parameters (e.g., when the size of the population
changes in the implementation, it is necessary to configure the maximum and
minimum number of particles in the swarm, but not when the size remains

constant.)

8.2 Design Choices in PSO

Many metaheuristic components have been proposed for PSO over the years
(Bonyadi and Michalewicz 2017; Poli et al. 2007) with the goal of improving
its performance and enabling its application to a wider variety of problems.
We have categorized these metaheuristic components into five different groups:
(1) those used to set the value of the main control parameters, (2) those that
control the distribution of particles positions in the search space, (3) those used
to apply perturbation to the velocity and/or position vectors, (4) those regarding
the construction and application of the random matrices, and (5) those related
to the topology, model of influence and population size.

Group (1) comprises the time-varying and adaptive/self-adaptive parameter
control strategies used to compute the value of w, ¢; and ¢,. Time-varying
strategies take place at specific iterations of the implementation’s execution;
while adaptive and self-adaptive strategies use information related to the op-
timization process (e.g., particles average velocity, convergence state of the
algorithm, average quality of the solutions found, etc.) to adjust the value
of the parameters. Because the value of w, ¢; and ¢, heavily influences the
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exploration/exploitation behavior of PSO, parameter control strategies for this
metaheuristic are abundant in literature (Harrison et al. 2016). In particular, a lot
of attention has been given to control strategies focused on adjusting the value
of w, which is intrinsically related to the local convergence of the algorithm.!

Locally convergent implementations not only guarantee to find a local
optimum in the search space, but also prevent issues such as (i) swarm explosion,
which happens when a particle’s velocity vector grows too large and the particle
becomes incapable of converging to a point in the search space (Clerc and
Kennedy 2002); and (ii) poor problem scalability, which means that the algorithm
performs poorly on high dimensional problems (Bonyadi and Michalewicz 2014).
In fact, the poor problem scalability issue has become very relevant in the last
years because of the increasing number of problems involving large dimensional
spaces where PSO is applicable. It has been observed that unwanted particles
roaming in high dimensional spaces is a substantial part of this issue and that,
in variants such as StaPSO, parameter values for w, ¢ and ¢, that perform well
in low dimensional spaces will most likely perform poorly in large dimensional
ones (Oldewage et al. 2020). A number of strategies have been proposed to
address this issue, such as reinitialization (Garcia-Nieto and Alba 2011), group-
based random diagonal matrices (Zyl and Engelbrecht 2016) and perturbation
mechanisms (Bonyadi and Michalewicz 2014).

In group (2) are the metaheuristic components used to control the distribu-
tion of all next possible positions (DNPP) of the particles. The chosen DNPP
determines the way particles are mapped from their current position to the
next one. We consider the three main DNPP proposed in the literature—the
rectangular (used in StaPSO), the spherical (used in SPSO-2011 (Clerc 2011))
and the additive stochastic, which comprises the recombination operators pro-
posed for simple dynamic PSO implementations (Pefia 2008b). Although some
DNPP mappings suffer from transformation variance—which happens when the
algorithm performs poorly under mathematical transformations of the objec-
tive function, such as scale, translation, and rotation’—there are a number of
metaheuristic components that have been developed to prevent this issue.

Group (3) is composed of the metaheuristic components that allow to apply

IIn this context, convergence means that, as the number of iterations grows larger, the
probability of particles reaching a stable position in which ¥/ = §} = §; and V; = 0 for all i
approaches 1. See (Bonyadi and Michalewicz 2017; Trelea 2003).

2Scale variance means that the performance of the algorithm is affected by uniformly scaling
all variables of the problem, while translation and rotation variance mean that the performance of
the algorithm is dependent on how the coordinated axes are placed in the search space.
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perturbations to the particles velocity/position vectors. In general, in PSO
perturbation mechanisms can be informed or random. Informed perturbation
mechanisms receive a position vector as an input (typically @/ or ¥/) and
use it to compute a new vector that replaces the one that was received. The
typical way in which informed mechanisms work is by using the components
of the input vector as center of a probability distribution and mapping random
values around them; however, other options found in the literature include
computing the Hadamard product between the input vector and a random
one, or randomly modifying the components of the input vector. Differently,
random perturbation mechanisms add a random value to a particle’s position
or velocity. Perturbation mechanisms proposed for PSO are used to improve the
diversity of the solutions (Bonyadi and Michalewicz 2014; Xinchao 2010), avoid
stagnation (Lehre and Witt 2013), and avoid divergence (Bergh and Engelbrecht
2002). Additionally, some of these mechanisms allow to modify the DNPP of the
particles; an example is the mechanism proposed in (Bonyadi and Michalewicz
2014), where a Gaussian distribution is used to map random points on spherical
surfaces centered around the position of the informants.

One of the main challenges in most perturbation mechanisms is to determine
the perturbation magnitude: a strong perturbation may prevent particles from
efficiently exploiting high quality areas of the search space, while a weak one
may not produce any improvement at all. In order to allow convergent imple-
mentations to take advantage of the perturbation mechanism, some magnitude
control strategies take into account the state of the optimization process to
adjust the magnitude at run time. An example is (Bergh and Engelbrecht 2002),
where a parameter decreases the perturbation magnitude when the best solution
found so far has been constantly improving, whereas increases it when the
algorithm is stagnating. Another example is (Bonyadi and Michalewicz 2014),
where the magnitude is computed based on the Euclidean distance between
the particles so as to decrease it as particles converge to the best solution found
so-far.

The metaheuristic components in group (4) corresponds to the random
matrices, whose function, similarly to some perturbation mechanism of group
(3), is to provide diversity to particles movement. The main difference between
the random matrices and the perturbation mechanisms described above is that
the former can be used to produce changes in the magnitude and direction of the
CI and SI vectors, while the latter allow only to apply perturbation to individual
positions used in the computation of the CI and SI. In StaPSO, the random
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matrices (U} and U}, see Equation 8.2) are usually constructed as diagonal
matrices with values drawn from ¢/ (0, 1); however, in some implementations of
StaPSO (e.g., (Bonyadi and Michalewicz 2017)), the matrices are replaced by two
random values | and r,—in this case particles oscillate linearly between 7/ and
Tti without being able to move in different directions, preventing transformation
variance (Bonyadi and Michalewicz 2017) but affecting the performance of
the algorithm. Using random rotation matrices® (RRMs), instead of random
diagonal matrices, is another way to address transformation variance in PSO.
RRMs allow to apply random changes to the length and direction of the vectors
in the velocity update rule without being biased towards some particular
reference frame. The two main methods that have been used to create RRMs
in the context of PSO are exponential map (Wilke et al. 2007) and Euclidean
rotation (Bonyadi et al. 2014).

The last group of metaheuristic components we identified in our work, group
(5), includes the topology, model of influence and population size. The topology
plays an important role in the way PSO modulates its exploration-exploitation
capabilities. In addition to the well-known fully-connected, ring and von
Neumann topologies, there are other topologies that have been explored in the
PSO literature, such as hierarchical and small-world network. In (Montes de
Oca et al. 2009), a topology that decreases connectivity over time was proposed.
Concerning the model of influence, besides the best-of-neighborhood and the
fully informed, another option is the ranked fully informed model of influence
(Jordan et al. 2008), in which the contribution of each informant is weighted
according to its rank in the neighborhood. Concerning population size, it has
recently been proposed to increase or decrease the number of particles according
to some metrics (Hsieh et al. 2008; Montes de Oca et al. 2010). The number of
particles in the swarm has an impact on the trade-off between solution quality
and speed of the implementation (Bonyadi and Michalewicz 2017; Montes de
Oca et al. 2010). In general, a large population should be used as it can produce
better results. However, a small population may be the best option when the
objective function evaluation is expensive or when the number of possible
function evaluations is limited.

3A rotation matrix is an orthogonal matrix whose determinant is 1.
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8.3 Designing PSO Implementations From an Algo-
rithm Template

In this section, we explain the way in which the metaheuristic components
reviewed in the previous section can be combined using the PSO-X framework.
In the reminder of the chapter, we use Sans Serif font to indicate the name of
the metaheuristic components and of their options as implemented in PSO-X.

8.3.1 Algorithm Template for Designing PSO Implementations

Algorithm 10 Algorithm template used by PSO-X

Require: set of parameters
1: swarm < INTTIALIZE(POpulation, Topology, Model of influence)

2: repeat

3: for i < 1 to size(swarm) do

4 Tl 4 w1 T} + wy DNPP(i, t) + w3 Pert,ang (i, )

5: apply velocity clamping > optional
6: ¥y < X 4T,

7: end for

8: for i < 1 to size(swarm) do

9: compute f (%)
10: update 7/ using Equation 8.3
11: end for
12: apply stagnation detection, particles reinitialization > optional
13: if type(Population) # Pop-constant then
14: swarm <— UPDATEPOPULATION(swarm, Population)
15: end if

16: if type(Topology) = Top-time-varying or type(Population) # Pop-constant
then

17: swarm <— UPDATEToPOLOGY(swarm, Topology, Model of influence)

18: end if

19: until termination criterion is met

20: return global best solution

Algorithm 10 depicts the PSO-X’s algorithm template. A swarm of particles
(swarm) is created using the INITIALIZE() procedure that assigns to each particle a
set N’ a set I!, an initial position and an initial velocity based on the Population,
Topology and Model of influence indicated by the framework user. Additionally,
the INTTIALIZE() procedure creates and initializes any variable required to use the
metaheuristic components included in the implementation. The two for cycles
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of lines 3 to 7 and lines 8 to 11 corresponds to the standard implementation of
PSO—except for line 4 that shows our generalized velocity update rule (GVUR),
defined as follows:

4 = w13} + wa DNPP(i, t) + ws Pert,ang (i, t), (8.4)

where DNPP represents the type of mapping from a particle’s current position
to the next one, and Pert,,,q4 represents an additive perturbation mechanism.

The parameter w; is the same as the inertia weight in S5taPSO (see Equa-
tion 8.2) and its value can be computed using the strategies that have been
developed for this purpose (the list of the strategies available to compute its
value are shown in Table B.4 of Appendix B). The parameters w, and w3 control
the influence that will be given to the DNPP and Pert,,,q components; their val-
ues can be set equal to w; or be computed using the random component, where
wy, w3 ~ U[0.5,1], or the constant component, where wy, w3 are user selected
constants in the interval [0, 1]. We use three independent w parameters so that
it is easy to disable any of the GVUR components. For example, a velocity
free PSO can be easily obtained by setting w; = 0. After all particles have up-
dated their position, two procedures can take place: UppATEPOPULATION(), that
increases/decreases the size of the swarm according to the type of Population
employed; and UrpAaTETOPOLOGY(), that connects newly added particles to a set
of neighbors, or disconnect particles when the topology connectivity reduces

over time.

All implementations that can be created using Algorithm 10 and combin-
ing metaheuristic components with different functionalities, such as different
DNPPs or topologies, are considered valid implementations by PSO-X. This
allows enough flexibility to explore many new designs without increasing too
much the computational complexity of the implementations. In particular,
in PSO-X, we do not allow the recursive use of components, as it is done in
component-based framework using grammars (Stiitzle and Lopez-Ibafez 2019).
In Table B.2 of Appendix B we show the metaheuristic components and parame-
ters in the framework, their domain and type, and the condition(s) under which
each parameter is used in PSO-X.
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8.3.2 DNPP Component

The six options defined in PSO-X for the DNPP component are DNPP-rectangular,
DNPP-spherical, DNPP-standard, DNPP-discrete, DNPP-Gaussian and DNPP-Cauchy-

Gaussian.

The DNPP-rectangular option is defined as follows:

n .
DNPP-rectangular = Z go’t‘Mtx’f(Pertinfo(ﬁt") — %), (8.5)
kel

where Mtx and Pert;.¢, are, as mentioned before, high-level representations of
the different types of random matrices and informed perturbation mechanisms
used in PSO. The DNPP-rectangular is by far the most commonly used in imple-
mentations of PSO, including StaPSO (Shi and Eberhart 1998), the constriction
coefficient PSO (Clerc and Kennedy 2002), the fully informed PSO (Mendes et al.
2004), etc. In the standard application of DNPP-rectangular (i.e., as in StaPSO),
each term added in Equation 8.5 is a vector located on a hyper-rectangular
surface whose side length depends on the distance between 7} and ¥/. How-
ever, when the perturbation component of DNPP-rectangular is an informed
Gaussian—as in the locally convergent rotationally invariant PSO (LcRPSO)
(Bonyadi and Michalewicz 2014)—or a random rotation matrix (RRM)—as in
the diverse rotationally invariant PSO (DvRPSO) (Wilke et al. 2007)—the surface
on which the different vectors computed in Equation 8.5 are located becomes
hyperspherical or semi-hyperspherical, respectively.

Another option is DNPP-spherical (Clerc 2011), where a vector located on
a hyper-sphere is used in the computation of a particle new position. The
equation to compute the DNPP-spherical option is the following;:

DNPP-spherical = H; (&}, |} — ¥{|) — ¥, (8.6)

where H(c!,|¢] — X}|) is a random point drawn from a hyperspherical dis-
tribution with center ¢/ and radius |¢/ — #/|. The center ¢/ is computed as
follows: iy
+ P/
B E—

i X +L
Ci’ —

-,

(8.7)

where
ﬁtl =X/ + qpltMtXt(Pertinfo(ﬁtl) - J—C’tl)’ (8.8)
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. . n .
Li=%+ Y @5Mtxf(Pertio(Bf) — /), (8.9)
keli\{i}
and g0’2‘t = F.(Gt}' The main difference between DNPP-spherical and the standard

implementation of DNPP-rectangular is that the hypersphere H;(c}, |ci — %)
is invariant to rotation around its center, whereas DNPP-rectangular is rotation
variant unless another component is used to overcome this issue—e.g., a Gaus-
sian perturbation, as done in the LcRPSO variant. While the DNPP-spherical
and the LcRPSO combining the DNPP-rectangular with a Gaussian perturbation
component use the same idea, they work in a different way. In the DNPP-
spherical DNPP, there is a single vector mapped randomly in the hypersphere

H(ci,|ci — ¥|) and the informants of i participate only in the computation
of vector Lti (see Equation 8.9)%; whereas in the LcRPSO variant, there are n
different vectors, one for each informant of i, each mapped on a spherical
surface, and the new velocity of the particle is obtained by adding all n vector,
as shown in Equation 8.5.

The DNPP-standard, DNPP-discrete, DNPP-Gaussian and DNPP-Cauchy—Gaussian
options belong to the class of simple dynamic PSO implementations (Li and
Yao 2011; Pefia 2008b) and have the form §; — ¥/, where vector §/ is computed
differently in each option:

) =110 =1k
DNPP-standard : g/ — $1F ¢ T 92 (8.10)
1+ @2
DNPP-discrete : §i = 1,71 + (1 — n4) 715 (8.11)
. ﬁ;l ﬁ;k =10 =k

DNPP-Gaussian : g} = N (-—++ R |7 — P ]) (8.12)

‘ s 1 if 24]0,1] <
DNPP-Cauchy-Gaussian : g} = ptk CW)lpr ”pt ’ ! 01} <7 (8.13)

]+,/\/(O Dlp)” = p, “I| otherwise

where 17; ~ U{0,1} is a discrete random number drawn from a Bernoulli distri-
bution, C(1) is a random number generated using a Cauchy distribution with
scaling parameter 1, N'(0,1) is a random number from a Normal distribution
with mean 0 and variance 1, and r is a parameter that allows the user to select
the probability with which the Cauchy or the Normal distributions are used in

4In the original definition of Equation 8.9, vector L} was defined considering a best-of-

neighborhood model of influence. In this article, we have extended the computation of Z; to an
arbitrary number of informants.
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Equation 8.13. Vectors j;’ and /¥ are computed using p}! = Pert;ns, (/) and
1K = Pertjngo (PF) with k € I'.

Unlike options DNPP-standard, DNPP-discrete and DNPP-Gaussian, where the
mapping between particles i and k is deterministic, in DNPP-Cauchy-Gaussian,
the value of the j dimension of 7} is computed with probability r using 3/
and a Cauchy distribution; and with probability 1 — r using ¥ and a Normal
distribution. Although we kept the original definition of these DNPPs for the
most part, we did two modifications: we included the Pert;,s, component (i.e.,
vectors ;" and 1 instead of p/, 7[) and the possibility of using a random
informant model of influence (Mol-random informant), which consists in choosing

a random particle from N’ and use it as informant.

8.3.3 Pertand and Pert;,, Components

The two types of perturbation components included in PSO-X are: Pertj,s,,
which modifies an input vector; and Pert,,,q, which generates a random vector
that is added to the velocity vector. Pert;.f,, as explained in Section 8.3.2, is a
component used by the DNPP component. Differently, Pert,,,q is used directly
in the generalized velocity update rule.

Table 8.1: Options for computing Pert;,s, and Pert,,,4 components in
PSO-X when they are used in the implementation

Component Option Definition
none —
Pert, - * Pertinfo—Gfaussian N(?Lm)
Pert;,so-Lévy L, (7, 01)

Pert;,s,-uniform 7+ (S©7), with § ~ U[—by, by

none —
Pert,apg ** Pert,,ng-rectangular 7 (1 —2-U(0,1))
Pert,,ng-noisy Z/{[—(St/2, 5;}/2]

" In the options for computing Pert;yg: 7 is the input vector; N (7, 03) is a Normal
distribution with mean 7 and variance o;; L (7, 0t) is a Lévy distribution with
mean 7, variance 0y, and scale parameter <¢; and by is a real parameter.

“ In the options for computing Pert,,nq: Tt and &; are two real parameters.

As shown in Table 8.1, both Pert;.¢, and Pert,,,q are optional components in
PSO-X that can be omitted from the implementation using the none option. The
options for Pert;,r,, when the component is present in the implementation, are
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Pert; so-Gaussian, Pert;,so-Lévy, and Pert;,so-uniform. Pert;, s,-Gaussian and Pert;, .-
Lévy compute a random vector by using a probability distribution whose center
and dispersion are given by the input vector 7 and by the parameter o; that
controls the magnitude of the perturbation. Similarly, in Pert;,¢,-uniform, the
perturbation magnitude depends on a parameter b;, that controls the interval
in which a random vector s will be generated using a uniform distribution.
Regarding the Pert,,,y component, both Pert,,,q-rectangular and Pert,,,q-noisy
employ a random uniform distribution to generate a random vector; the mag-
nitude of the perturbation is controlled in this case by parameters 7; and J;,
respectively.

In Pert;,so-Lévy, the value of ; can be used to switch between a Gaussian and
a Cauchy distribution (Richer and Blackwell 2006). That is, when ; = 1, the
Lévy distribution is equivalent to the Gaussian distribution, and when ; = 2,
it is equivalent to the Cauchy distribution. In PSO-X, the value of +; is obtained
sampling from the discrete uniform distribution ¢/{10,20}:

vt = U{10,20} /10.

This allows to vary the probability of generating a random value in the tail
of the distribution. This way of computing the value of +; is similar to the
one used in (Li and Yao 2011) for computing the DNPP-Cauchy-Gaussian option
assuming r = 0.5 to give the same probability to each case—see Equation 8.13.

Since the perturbation magnitude (PM) plays a critical role in the effective-
ness of perturbation components, setting its value (either offline or at run-time)
is often challenging. In PSO-X we implemented four strategies for computing
the PM that can be used with any of the Pert;,s, and Pert,,,q components. These
strategies are PM-constant value, PM-Euclidean distance, PM-obj.func. distance, and

PM-success rate.

The PM-constant value strategy (Xinchao 2010) is the simplest and consists in
using a value that remains constant during the execution of the implementation.
This strategy guarantees that the perturbation magnitude is always greater than
zero—a condition that has to be verified for all perturbation strategies. However,
the main problem with the PM-constant value strategy is that using the same
value may not be effective for the different stages of the optimization process.
For example, particles that are farther away from the global best solution may
benefit from a large PM value in order to move to higher quality areas, while for
those particles that are near the global best solution, a small PM value would
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make exploitation easier.

The PM-Euclidean distance strategy (Bonyadi and Michalewicz 2014) consists
in using the Euclidean distance between the current position of particle i and
the personal best of a neighbor k. This strategy is defined as follows:

ik ezl mk
€-PM/", it X/ = p;

€ \/2?21(55;'] - ﬁf’])z otherwise

.
PM% =

where 0 < € < 1 is a parameter used to weigh the distance between %/ and 7.

The PM-obj.func. distance is very similar to the PM-Euclidean distance, but the
distance between particles is measured in terms of the quality of the solutions.
The equation to compute the PM using PM-obj.func. distance is

[Nt
! m- fUD—f&) otherwise ~

£

(8.15)

where 0 < m < 1 is a parameter. For particles whose quality is very similar
to that of the local best, the PM will be small, enhancing exploitation; and for
those whose quality is poor compared to that of the local best, the PM will be
large allowing them move to far areas of the search space.

The mechanism implemented in PM-success rate (Bergh and Engelbrecht
2002) to compute the PM takes into account the success rate of the swarm in
terms of improving the best solution’s quality. The value of the PM is adjusted
depending on the number of consecutive iterations in which the swarm has
succeeded (#successes) or failed (#failures) to improve the best solution found so
far, where iteration t — t + 1 is a success if f(g;11) < f(§t), a failure otherwise.
The PM-success rate strategy is defined as follows:

PM -2 if #successes > s.
PM = ¢ PM.-0.5 if#failures > f. , (8.16)
PM otherwise

where the threshold parameters s; and f. are user defined.
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8.3.4 Mtx Component

The options for the Mtx metaheuristic component in PSO-X are Mtx-random
diagonal, Mtx-random linear, Mtx-exponential map, and Mtx-Euclidean rotation. The
Mtx-random diagonal and Mtx-random linear options are both d x d diagonal
matrices whose values are drawn from a U/ (0, 1); the only difference between
them is that, in Mtx-random linear, one random value is repeated d times in
the matrix diagonal, whereas, in Mtx-random diagonal, the matrix contains d
independently sampled values.

The Mtx-exponential map (Wilke et al. 2007) option is based on an approxima-
tion method called exponential map whereby RRMs can be constructed avoiding
matrix multiplication, which is computationally expensive. Mtx-exponential map
is defined as:

maxﬁ

amap 14 ST L (8T 4
Mtx-exponential map = [ + ﬁ;l Bl (180 (A A )), (8.17)

where [ is the identity matrix, « is a scalar representing the rotation angle, and
A is an n X n random matrix with uniform random numbers in [—0.5,0.5]. To
keep the computational complexity low we set maxg = 1.

The Mtx-Euclidean rotation (Bonyadi et al. 2014) rotates a vector in any combi-
nation of planes.” An Mtx-Euclidean rotation for rotating axis x; in the direction
of X; by the angle « is given by a matrix [Fmn] with ry; = rjj = CoSa, rjj = — sin «,
rj; = sina, and the remaining values are set to 1 if they are on the diagonal
or to zero otherwise. Since [ry;,] is an identity matrix except for the entries at
the intersections between rows i and j and columns i and j, the multiplication
between [r;,] and 7 is done as follows:

UkTii + OjTji ifk=1i
[rmn] 7= Uktjj + 0itij itk=j , (8.18)

(N otherwise

where v indicates the k" entry of vector 7. We use Mtx-Euclidean rotation,; to
indicate when Mtx-Euclidean rotation is used to rotate a vector in all possible
combination of planes, and Mtx-Euclidean rotation,,, to indicate when it is used

SFor a d-dimensional vector i, there is a composition of d(d — 1)/2 dimensional rotation
matrices built up in order to rotate if in all possible combinations of planes. See (Bonyadi et al.
2014, Appendix III) for further details.
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to rotate in only one plane.

The strategies to compute the rotation angle are a-constant, a-Gaussian and a-
adaptive. In a-constant, the value of « is defined by the user, whereas in a-Gaussian
and a-adaptive, it is obtained by sampling values from A (0,c). The value of
when the Gaussian distribution is used can be a user defined parameter, as in
«-Gaussian, or be computed using an adaptive approach, as in a-adaptive, which

is defined as follows: )
O xir

Vd

where { and p are two parameters and ir; is the number of improved particles

+p, (8.19)

in the last iteration divided by the population size.

The last option for the Mtx component is Mtx-Increasing group-based (Zyl
and Engelbrecht 2016) that divides a random diagonal matrix into g; groups
and every element in each group has the same value, generated uniformly ran-
dom. The number of groups at each iteration is computed using the following
equation:

d—1
8t =

B tmax - 1

where d is the number of problem dimensions and t;,,y is the iteration number

x (t—1)+1, (8.20)

at which the implementation stops. Note the implementation starts with g; =1
and the number increases over time until there are g; = d groups, which is
equivalent to gradually transforming an Mtx-random linear component into a
Mtx-random diagonal one.

8.3.5 Topology, Model of Influence and Population Compo-

nents

In addition to the well-known options for the Topology component discussed in
Section 8.1.1 and 8.2 and showed in Table 8.2, we implemented in PSO-X the
Top-hierarchical and Top-time-varying options.

In Top-hierarchical (Janson and Middendorf 2005), particles are arranged in
a regular tree—i.e., a tree graph with a maximum branching degree (bd) and
height (h)—where they move up and down based on the quality of their p;
vector, and sets N’ contain only the particles that are in the same branch of
the tree as particle i but in a higher position. The topology is updated at the
end of each iteration starting from the root node, and consists of each particle
comparing the quality of its p; vector with that of its parent and switching
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places when it has higher quality.

The Top-time-varying (Montes de Oca et al. 2009) is a topology that reduces
its connectivity over time: it starts as a fully-connected topology and every x
iterations a number of edges is randomly removed from the graph until the
topology is transformed into a ring. The value of x, which controls the velocity
at which the topology is transformed, is a multiple of the number of particles
in the swarm, so that the larger the value of x the faster the topology will
be disconnected. Additionally, the number of edges to be removed follows
an arithmetic regression pattern of the formn —2,n —3,...,2, where n is the
swarm size.

The options for the Model of influence component are Mol-best-of-neighborhood,
where sets I’ contains i and the local best particle in the neighborhood of i; the
Mol-fully informed, where sets I' = N'; Mol-ranked fully informed, which is similar
to the Mol-fully informed, but particles in I’ are ranked according to their quality
so that the influence of a particle with rank r is twice the influence of a particle
with rank 7 — 1; and Mol-random informant, which allows particles to select a
random neighbor from N’ to form set I'.

The options for the Population component are Pop-constant, Pop-time-varying
and Pop-incremental. In Pop-time-varying (Hsieh et al. 2008), there is a maximum
(popmax) and minimum (pop,,;;) number of particles that can be in the swarm at
any given time. Particles are added or removed according to two criteria: (i)
add one particle if the best solution found has not improved in the previous
k consecutive iterations and the swarm size is smaller than pop;,y; and (ii)
remove the particle with lowest quality if the best solution found has improved
in the previous k consecutive iterations and the swarm size is larger than pop;;.
Whenever criterion (i) is verified, but the swarm size is equal to popyyx, the
particle with lowest quality is removed before adding the new random particle.

In Pop-incremental (Montes de Oca et al. 2010), the implementation starts
with an initial number of particles (pop;,;) and, at each iteration, there are ¢ new
particles added to the swarm until a maximum number is reached (popyy).

new )

The initial position of newly added particles (x can be computed using

Init-random or Init-horizontal. In Init-random,
xPWI = Y (1, ub],

where Ib/ and ubl are the lower and upper bound of the j* dimension of the
search space. In Init-horizontal, an horizontal learning approach is applied to
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x"eWi after it has been randomly initialized in the search space:

XMW = Y (1, ub],

K NeW,j _ \/new,j +U[0,1) - (gt] . x/new,j).

Using a dynamic population requires that the topology is updated in order
to assign newly added particles to a neighborhood or to reconnect particles that
were connected to a particle that was removed. This is handled as follows:

(i) Particles are added to a fixed topology—the topology is extended by connect-
ing a newly added particle with a set of neighbors randomly chosen. In
Top-hierarchical, new particles are always placed at the bottom of the tree.

(ii) Particles are added to a time-varying topology—we assign Ci neighbors to
every new particle, where C! is the average number of neighbors that
every particle in the swarm has at iteration ¢.

(iii) Particles are removed—the topology is repaired to ensure that every particle
has the right number of neighbors.

Table 8.2: Available options in PSO-X for Population, Topology and Model of
influence metaheuristic components

Component Option

( Top-ring
Top-fully-connected
Topology Top-Von Neumann
Top-random edge
Top-hierarchical

| Top-time-varying

Mol-best-of-neighborhood

_ Mol-fully informed
Model of infl
odel of influence Mol-ranked fully informed

L Mol-random informant

Pop-constant
Population Pop-time-varying
Pop-incremental

. Init-random
Initialization _ _
Init-horizontal
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8.3.6 Acceleration Coefficients

The four strategies that can be used to computed the acceleration coefficients
(ACs) in PSO-X are: AC-constant, AC-random, AC-time-varying and AC-extrapolated.
In AC-random, the value of ¢1; and ¢y is drawn from U[¢in, Pmax], Where
0 < @uin < Pmax < 2.5 are user selected parameters. The AC-time-varying
strategy is the one proposed in (Ratnaweera et al. 2004), where ¢; decreases
from 2.5 to 0.5 and ¢, increases from 0.5 to 2.5. In the AC-extrapolated strategy,
proposed in (Arumugam et al. 2009), the value of the acceleration coefficients is
a function of the iteration number and particles quality computed as follows:
— o (t/tmax.
gt (821)
@y = el
where Al = |(f(I)) — f(%]))/f(I;)| adjusts the value of ¢, in terms of the
difference between f(%/) and f(I}). This means that when f(I!) < f(&/), the
step size of the particle will be larger, and when f(I}) & f(#]) it will be smaller.

8.3.7 Re-initialization and Velocity Clamping

The last group of components in PSO-X are those that have been proposed with
the goal of avoiding performance issues that affect PSO, such as divergence and
stagnation.

The first ones is stagnation detection (Schmitt and Wanka 2013). It is used to
perturb the velocity vector of a particle when its current position is too close to
the global best solution, and the velocity magnitude is not large enough to let
the particle move to other parts of the search space. That is, when ||7}|| + ||§; —
X}|| < u, where u > 0 is a user defined threshold for the perturbation to occur.
When the stagnation condition is verified, the velocity vector of the particle is
randomly regenerated as follows:

ol =(2r—1)

where 7 ~ U(0,1].

The second component, particles reinitialization (Garcia-Nieto and Alba 2011) is
used to regenerate the position vector of the particles in case of early stagnation
or ineffective movement is occurring. Early stagnation is considered to be
affecting the implementation when the standard deviation of the p; vectors
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is lower than 0.001. In this case, each entry of the particles position vector is
randomly reinitialized with probability 1/d. The second criterion, which tries to
identify when particles are moving ineffectively, consists in detecting when the
overall change of g; is lower than 1078 for 10 - d/pop iterations and regenerating
particles positions using the following equation:

x;il = (gi—xti’j)/Z for j=1,...,d.

The last ones is velocity clamping (Eberhart and Kennedy 1995; Eberhart and
Shi 2000) and consists in restricting the values of each dimension in the velocity
vector of a particle within certain limits to prevent overly large steps. This is
done using the following equation:

max o =] max
| v if Uy >0
oy d . —»]
Uf+1 —Z)mux lf vt+1 < —Umux 7 (8.22)
-]

Uiiq otherwise

where v},,, and —v},,, are maximum and minimum allowable value for the

particle’s velocity in dimension j. The value Vhae = ”bjz_ IV s set according to

the lower Ib/ and upper ub/ bounds for dimension j on the search space.

8.4 Experimental Procedure

8.4.1 Benchmark Problems

We conducted experiments on a set of 50 static benchmark continuous functions
belonging to the CEC’05 and CEC’14 “Special Session on Single Objective
Real-Parameter Optimization” (Liang et al. 2005; Suganthan et al. 2005), and
to the Soft Computing (SOCO’10) “Test Suite on Scalability of Evolutionary
Algorithms and other Metaheuristics for Large Scale Continuous Optimization
Problems” (Herrera et al. 2010). A detailed description of the benchmark
functions can be found in the given references and in the supplementary
material (Camacho-Villalon et al. 2021) of the article.

The test set of continuous functions—Table 8.3—is composed of 12 unimodal
functions (f1_12), 14 multimodal functions (f13-26), and 24 hybrid composition
functions (f27-50). With the exception of f4;, none of the hybrid composition
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functions is separable, and the ones from f4,_50 include also a rotation in the
objective function.

8.4.2 Experimental Setup

The computational budget used with irace was of 50 000 executions for creating
the PSO-X algorithms and of 15000 executions for tuning the parameter of
the PSO variants included in our comparison. The reason for using different
budgets is that there are 58 parameters involved in the creation of the PSO-X
algorithms, and only between 5 and 10 parameters in the tuning of the PSO
variants. The functions employed for creating and configuring the algorithms
with irace (i.e., the training instances) used d = 30, and the ones used for
our experimental evaluation used d = 50 and d = 100, depending on the
scalability of each function. In order to present statistically meaningful results,
we perform 50 independent runs of each algorithms on each function and report
the median (MED) result—to measure the quality of the solutions produced
by the algorithms—and the median error (MEDerr) with respect to the best
solution found by any of the algorithms.

In all cases, the algorithms were stopped after reaching 5000 x d objective
function evaluations (FEs). Both the tuning and the experiments were carried
out on single core Intel Xeon E5-2680 running at 2.5GHz with 12 Mb cache size
under Cluster Rocks Linux version 6.0/CentOS 6.3. The PSO-X framework was
codified using C++ and compiled with gcc 4.4.6.% The version of irace is 3.2.

8.5 Analysis of the Results

The analysis of the results is divided into two parts. In the first part, we
analyze the performance and capabilities of six automatically generated PSO-X
algorithms, named PSO-X,;;, PSO-Xjp, PSO-Xi1, PSO-X,p5, PSO-Xcec and PSO-
Xsoco- Each of these PSO-X algorithms has been created using a set of training
instances composed of different functions. For PSO-X,;;, we used all the fifty
functions (f1_s50), whereas for PSO-X,,,,; we used only the unimodal functions
(f1-12), for PSO-X;;,,,; only the multimodal ones (f13-26) and for PSO-Xj,;, only
the hybrid compositions (f27_s50). In the case of PSO-X.c and PSO-X;,c0, we used
the entire set of functions of the CEC’05 and SOCQO’10 test suites, respectively.

®The source code of PSO-X can be downloaded from http://iridia.ulb.ac.be/supp/Ir
idiaSupp2021-001/PS0-X.zip.


http://iridia.ulb.ac.be/supp/IridiaSupp2021-001/PSO-X.zip
http://iridia.ulb.ac.be/supp/IridiaSupp2021-001/PSO-X.zip
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Table 8.3: Benchmark functions

f# Name Search Range Suite
f1 Shifted Sphere [-100,100] SOCO
f» Shifted Rotated High Conditioned Elliptic [-100,100] CEC’14
f3 Shifted Rotated Bent Cigar [-100,100] CEC'14
fa Shifted Rotated Discus [-100,100] CEC’14
f5 Shifted Schwefel 22.1 [-100,100] SOCO
fe Shifted Rotated Schwefel 1.2 [-65.536,65.536] SOCO
f7 Shifted Scfewels12 noise in fitness [-100,100] CEC’05
fs Shifted Schwefel 2.22 [-10,10] SOCO
fo Shifted Extended fi [-100,100] SOCO
f10 Shifted Bohachevsky [-100,100] SOCO
f11 Shifted Schaffer [-100,100] CEC’05
f12 Shchwefel 2.6 Global Optimum on Bounds [-100,100]  CEC’05
f13 Shifted Ackley [-32,32] SOCO
f14 Shifted Rotated Ackley [-100,100] CEC’14
f15 Shifted Rosenbrock [-100,100] SOCO
f16 Shifted Rotated Rosenbrock [-100,100] CEC’14
f17 Shifted Griewank [-600,600] SOCO
f1s Shifted Rotated Griewank [-100,100] CEC’14
f19 Shifted Rastrigin [-100,100] SOCO
f20 Shifted Rotated Rastrigin [-100,100] CEC'14
f21 Shifted Schwefel [-100,100] SOCO
f2 Shifted Rotated Schwefel [-100,100] CEC’14
f23 Shifted Rotated WeierStrass [-100,100] CEC’05
f24 Shifted Rotated Katsuura [-100,100] CEC’14
f2s Shifted Rotated HappyCat [-100,100]  CEC’14
f26 Shifted Rotated HGBat [-100,100] CEC’14
fr7 Hybrid Function 1 (N = 2) [-100,100] SOCO
f2s Hybrid Function 2 (N = 2) [-100,100] SOCO
f29 Hybrid Function 3 (N = 2) [-5,5] SOCO
f30 Hybrid Function 4 (N = 2) [-10,10] SOCO
f31 Hybrid Function 7 (N 2) [-100,100] SOCO
f32 Hybrid Function 8 (N [-100,100] SOCO
f33 Hybrid Function 9 (N 2) [-5,5] SOCO
fa4 Hybrid Function 10 (N = 2) [-10,10]  SOCO
f35 Hybrid Function 1 (N = 3) [-100,100] CEC’14
f36 Hybrid Function 2 (N 3) [-100,100] CEC’14
f37 Hybrid Function 3 (N [-100,100] CEC’14
fas Hybrid Function 4 (N 4) [-100,100] CEC’14
f39 Hybrid Function 5 (N = 5) [-100,100] CEC’14
fao Hybrid Function 6 (N = 5) [-100,100] CEC’14
fa1 Hybrid Composition Function [-5,5] CEC'05
fa Rotated Hybrid Composition Function [-5,5] CEC’05
faz Rotated H. Composition F. with Noise in Fitness [-5,5] CEC’05
faa Rotated Hybrid Composition E [-5,5] CEC’05
fa5 Rotated H. Composition F. with a Narrow Basin for the Global Opt. [-5,5] CEC’05
fa6 Rotated H. Comp. F. with the Gbl. Opt. On the Bounds [-5,5] CEC’05
fa7 Rotated Hybrid Composition Function [-5,5] CEC’05
fag Rotated H. Comp. F. with High Condition Num. Matrix [-5,5] CEC’05
fa9 Non-Continuous Rotated Hybrid Composition Function [-5,5] CEC’05
fs0 Rotated Hybrid Composition Function [-5,5] CEC’05
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Unlike the SOCO’10 test suite, the CEC’05 competition set includes many rotated
objective functions and more complex hybrid compositions. The idea of using
different training instances is to try to identify the metaheuristic components
that result in higher performance when tackling functions of different classes.
In the second part, we compare the performance of our automatically gen-
erated PSO-X algorithms with ten well-known variants of PSO. We used two
versions of each PSO variant: one whose parameters were tuned with irace
(indicated by “tnd”) and the other that uses the default parameter settings pro-
posed by the original authors (indicated by “dft”). The PSO variants included

in our comparison are the following:

1. Enhanced rotation invariant PSO (Bonyadi et al. 2014) (ERiPSO)—a variant
that uses the AC-random strategy, Mtx-Euclidean rotation and a-adaptive.

2. Fully informed PSO (Mendes et al. 2004) (FiPSO)—a traditional PSO
variant that uses the constriction coefficient velocity update rule’ (CCVUR)
and the Mol-fully informed.

3. Frankenstein’s PSO (Montes de Oca et al. 2009) (FraPSO)—a PSO variant
that uses Top-time-varying, Mol-fully informed and w; = linear decreasing.

4. Gaussian “bare-bones” PSO (Kennedy 2003) (GauPSO)—a variant that
uses the DNPP-Gaussian option of the DNPP-additive stochastic as the only
mechanism to update particles positions.

5. Hierarchical PSO (Janson and Middendorf 2005) (HiePSO)—a variant
based on Top-hierarchical that can be implemented using either w; =

linear decreasing or wq = linear increasing.

6. Incremental PSO (Montes de Oca et al. 2010) (IncPSO)—a variant of PSO
that uses the CCVUR and Pop-incremental with Init-horizontal.

7. Locally convergent rotation invariant PSO (Bonyadi and Michalewicz 2014)
(LcRPSO)—a more recent variant of PSO in which the Pert;,s,-Gaussian
component is used together with the PM-Euclidean distance strategy, Mtx-
random linear and the AC-random strategy.

’This rule is define as: @,, = x(3/ + g:Ul, (7 — &) + U, (If — 7})), where y = 0.7298 is called
constriction coefficient (Clerc and Kennedy 2002). It can obtained from Equation 8.4 by setting
w1 = wy = 0.7298 and using the DNPP-rectangular option.
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8.

9.

10.

Restart PSO (Garcia-Nieto and Alba 2011) (ResPSO)—a variant of StaPSO

using velocity clamping and particles reinitialization.

Standard PSO (Shi and Eberhart 1998) (StaPSO)—the PSO algorithm
described in Section 8.1.1 that uses Equation 8.1, 8.2 and 8.3.

Standard PSO 2011 (SPSO11)—a variant of StaPSO that uses the DNPP-
spherical option.

In Table 8.4, we show the parameter configuration of the versions that we

used in the comparison. Note that, with the goal of simplifying their description,

we have only mentioned the components that are different in these algorithms

from those in StaPSO. This means that, unless specified otherwise, we assumed

that the following components and parameters setting are used in their im-

plementation: Pop-constant, Top-fully-connected with Mol-best-of-neighborhood,

DNPP-rectangular with Mtx-random diagonal and Pert;,, = Pert,,,q = none,

w1 = constant, wy = 1.0, w3 = 0 and AC-constant.

8.5.1 Comparison of Automatically Generated PSO Algorithms

The metaheuristic components in the automatically generated PSO-X algorithms

are listed below, and their configuration is given in Table 8.5.

PSO-X,;;: Pop-incremental with Init-random, Top-fully-connected with Mol-
best-of-neighborhood, DNPP-rectangular with Pert;,s,-Lévy and PM-success
rate, Mtx-random diagonal and velocity clamping.

PSO-Xjp: Pop-constant, Top-Von Neumann with Mol-best-of-neighborhood,
DNPP-rectangular with Pert;,¢,-Lévy and PM-success rate, Mtx-random diagonal
and velocity clamping.

PSO-X,,,,;: Pop-incremental with Init-horizontal, Top-time-varying with Mol-
best-of-neighborhood, DNPP-rectangular with Pert;,s,-Lévy and PM-success

rate, Mtx-random linear and stagnation detection.

PSO-X,,,;i: Pop-incremental with Init-random, Top-fully-connected with Mol-
best-of-neighborhood, DNPP-rectangular with Pert;,s,-Lévy and PM-success

rate, Mtx-random diagonal and velocity clamping.

PSO-Xec: Pop-constant, Top-Von Neumann with Mol-best-of-neighborhood,
DNPP-rectangular with Pert;,¢,-Lévy and PM-success rate, Pert,,,q-noisy with

PM-success rate and Mtx-random diagonal.
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Table 8.4: Parameter settings of the ten PSO variants included in the experi-
mental comparison.

Algorithm

Settings

pop = 20, wy = 0.7213475, AC-random, @1min = 0, @1max = 2.05,

ERiPSOyus  @omin = 0, @2max = 2.05, Mtx-Euclidean rotation,;; with a-adaptive
and ¢ = 30 and p = 0.01.
FiPSO Top-ring, pop = 20, w1 = wyp = 0.729843788, Mtx-random diagonal,
td ) =2.1864 and ¢, = 2.3156.
K = 60, pop = 60, wq = linear decreasing, w1yin = 0.4, Wimar = 0.9,
FraPSOqp tsena = 600, @1 = 2.0 and ¢, = 2.0.
GauPSO Top-time-varying with Mol-random informant, k = 150 pop = 30,
tnd ), = 0 and DNPP-additive stochastic DNPP-Gaussian.
. bd = 2, pop = 114, wq; = linear increasing, Wiy, = 0.3284,
HiePSOma 08791, @1 = 2.1105 and @, = 1.0349.
InePSO Top-time-varying, ¥ = 2360, Init-horizontal, pop;,; = 5, popsin = 295,
tnd & — 10, wy = wy = 0.729843788, 1 = 1.9226 and ¢, = 1.0582.
pop = d, wy = 0.7298, AC-random, @1,y = 0, @1maxr = 1.4962,
LeRPSOys - @omin = 0, @2max = 1.4962, Mtx-random linear, Pert;,,-Gaussian
with PM-Euclidean distance and e = 0.46461/4%7°.
ResPSO Top-ring with Mol-fully informed, pop = 10, w; = linear decreasing,
d o min = 0.2062, W1max = 0.6446, 1 = 1.5014, ¢ = 2.2955.
Top-time-varying with x = 1085, pop = 155, w; = 0.6482, ¢ =
SPSOma 5 5776, ¢y = 2.1222.
StaPSO,,4 Top-Von Neumann, pop = 34, w; = 0.6615, ¢1 = 2.3706, ¢ =

0.8914.

* As reminder for the reader, ¢ and p are parameters of a-adaptive; o is
a parameter of a-Gaussian; x is a parameter of Top-time-varying; ts is a
parameter of w; = linear decreasing; bd is a parameter of Top-hierarchical;
¢ is a parameter of Pop-incremental; and € is a parameter of PM-Euclidean

distance.

® PSO-Xsoc0: Pop-constant, Top-ring with Mol-ranked fully informed, DNPP-
rectangular with Pert;,¢,-Gaussian and PM-success rate, Mtx-random diagonal

and velocity clamping.

In Table 8.6, we report the median of the results obtained by the algorithms

on each function. At the bottom of the table, we show the number of times each

algorithm obtained the best result among the six (“Wins”), the average median

value (“Av.MED”), the average ranking of the algorithm across all 50 functions

(“Av.Ranking”), and whether the overall performance of any of the compared

algorithm was significantly worse (“+”) or equal (“~”) than the best ranked
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Table 8.5: Parameter settings of the six automatically created PSO-X algorithms.

Algorithm Settings

Pop;, = 4, popsi, = 20, { = 8, w1 = convergence-based, 1 =
PSO-X,; 0.7192, b = 0.9051, wp = random, AC-constant, ¢1 = 1.7067, ¢ =
2.2144, pm = 0438, s = 11 and f, = 40.
pop = 41, wy = adaptive based onvelocity, w1in = 0.119, W1imax =
0.1378, A = 0.608, wy = 1.0 AC-random, @1,i, = 1.0429, ¢1y0x =
2.1653, ¢opin = 1.0429, @opmar = 2.3275, pm = 0.5333, s, = 28 and
fo=42.
k = 300, pop;,; = 3, pops;y, = 50, § = 2, wy = success-based,
PSO-Xui Wimin = 0.4, Wimar = 0.9, AC-constant, ¢1 = 0.92, ¢ = 1.6577,
pv = 0.5114, s = 2 and f. = 33.
pop;y; = 10, popsy, = 58, { = 3, wy = adaptive based onvelocity,
Wimin = 0.3531, W1imax = 0.7095, A = 0.4832, wr, = w1, AC-random,
P1min = 14217, @1max = 2.051, @oiin = 0.8626, @210x = 1.4609,
pv = 0.9865, s = 38 and f, = 11.
pop = 42, wy = self-regulating, wy,i, = 0.1673, w1y = 0.2317,
n = 0.2468, w, = random, w3 = random, AC-random, @1, =
1.8684, @1max = 1.9233, @opin = 0.2802, @omar = 1.5143, pPmp =
0.4837, 5.1 = 29, foq1 =45, Pmp = 0.8139, s, = 30 and f, = 43.
pop = 19, wi; = adaptive based onvelocity, wq,i, = 0.6564,
PSO-Xsoco Wimax = 0.8201, A = 0.2959, AC-constant, ¢1 = 0.7542, ¢, =

1.9235, pmi—g = 0.8907, s, = 22 and f, = 49.

PSO-Xiuy

PSO-X,,;

PSO'X cec

" As reminder for the reader, ¢ is a parameter of Pop-incremental; a and b are
parameters of w; = convergence-based, A of w; = adaptive based onvelocity,
and 1 of w; = self-regulating; s, and f, are parameters of PM-success rate;
and « is a parameter of Top-time-varying;.

algorithm according to a Wilcoxon’s rank-sum test at 0.95 confidence interval
with Bonferroni’s correction. PSO-X,; was the algorithm that ranked best of
the six followed by PSO-X,. and PSO—thb, while PSO-X,,,, was the one that
returned the best median result in the higher number of cases. The symbol “+”
next to some of the median values in Table 8.6 indicates the cases where we
found a statistical difference function-wise in favor of PSO-X,;; according also
to a Wilcoxon-Bonferroni test with &« = 0.05. PSO-X,,,,;, which ranked last of
the six, was the algorithm that performed statistically worse than PSO-X; in
most functions (26 out of 50 functions), while PSO-X;,,;, PSO-Xcec, PSO-Xpy,
and PSO-X;y,, were worse in 23, 19, 17, and 14 functions, respectively. In the
following we examine the performance of the six PSO-X algorithms across
the different function classes in our benchmark set, focusing on those that are
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specific to a function class, and the effect of their algorithm differences in their
performance.

Comparison of the PSO-X Algorithms on Specific Function Classes

In order to know whether our PSO-X algorithms are able to obtain better results
in specific function classes, we analyze their performance according to the
average ranking (Av.Ranking) they obtained in the unimodal (f;_12), multimodal
(f13—26), hybrid composition (f27-50) and rotated (frotated = f2-4,6,14,16,18,20,22—26,
12-50) functions. The Av.Ranking gives us an indication of how good or bad is
the performance of an algorithm across the different classes based on the result
of the winner of each function. In Table 8.7, we present this information together
with the algorithms average median error (Av.MEDerr). In our analysis, we pay
particular attention to the results of PSO-X,,,;;, PSO-X;,,,;, PSO-Xj, and PSO-Xeec,
that are the algorithms we would expect to obtain better results because of the
functions used for creating them.

As shown in Table 8.7, according to the median solution quality, the per-
formance of the algorithms is weakly correlated with the class of functions
used with irace. Although PSO-X,,,; ranked first in its function class of spe-
cialization, PSO-X,,,,; was outperformed by all the algorithms in the unimodal
functions, PSO-Xj,;, was outperformed by PSO-X,; in the hybrid compositions,
and PSO-Xec was outperformed by PSO-Xj,;, and PSO-X,,, in the rotated
functions. An analysis of the results using the average median error of the
algorithms shows similar results, although, in this case, the performance of
PSO-X,,,; and PSO-X,,,,; was weakly correlated to the class of functions used in
their training sets.

There are a few possible reasons why the use of different sets of functions
did not have a stronger effect on the performance of our algorithms. The first
one is the way in which we separated the functions, that captures some features
of the functions, but neglects others, such as separability, noise, and different
combination of objective functions transformations.® Another possible reason is
the presence of slightly overfitted models during the creation of these algorithms
with irace. The effect of overfitting can be observed more clearly for PSO-X,,,;
than for the rest of algorithms. For a number of functions (e.g., f¢,12) the median
solution obtained by PSO-X,,,;; was significantly better than that of the other

8Note, for example, that there are rotated functions in the training set of the six PSO-X
algorithms, except for PSO-X;,, that includes only translations.
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algorithms, which contributes to lower the value of the AvMED and Av.MEDerr
metrics, but not to improve its ranking in its respective classes of specialization.
Among the possible causes for the overfitting are the use of training sets with
different number of instances (PSO-X,,,,; has 12 instances, while the best ranked
algorithm, PSO-X,;;, has 50) and of a exceedingly large computational budget
used with irace.

PSO-X Algorithm Differences

The first thing to note about the design of the six PSO-X algorithms is that, de-
spite they were created using different sets of functions, they all share the same
core components, i.e., DNPP-rectangular with Pert;,¢,-Lévy or Pert;,s,-Gaussian.
This combination of components, as we discusses in Section 8.3.2, has the abil-
ity of making the implementation rotation invariant, which is an important
characteristic given that 22 out of the 50 functions in our benchmark test set
have a rotation in their objective function. In all cases, the strategy to control
the perturbation magnitude (PM) was PM-success rate and, with the exception
of PSO-X,,,;, they all have a parameter setting where f, is larger than s.. This
setting allows to decrease rapidly the PM when particles have been constantly
improving the global best solution, but makes harder to switch back to a larger
PM if the algorithm happens to stagnate. In this sense, PSO-X;, PSO-Xp,, PSO-
X, PSO-Xeee and PSO-Xioco are biased towards exploitation, and PSO-X,,,;
towards exploration.

Although PSO-thb and PSO-X_ .. obtained similar results in most functions
and ranked almost the same across the whole benchmark set, the performance
of PSO-X,.c was better in the CEC’05 hybrid compositions (f11-50), and worse
in functions fy7, f30, f31 and f34 that belong to the SOCO’10 test suite. Based
on the components and parameter setting in PSO—thb and PSO-X_., this
difference can be attributed to the Pert,,,y component that is present only in
PSO-X¢ec. The Pert,,,q component was advantageous for PSO-X,,,. to tackle the
more complex search spaces of the CEC’05 hybrid compositions, where the
algorithm performed its best, but affected its solutions quality in most of the
SOCO’10 test suite hybrid compositions. Another interesting comparison can
be done between PSO-X,; (ranked first) and PSO-X,,,,; (ranked last). These two
algorithms have the exact same components and differ only in the population
size, which is roughly three times larger in PSO-X,,,,; compared to PSO-X,;
parameter wj, which is equal to w, in PSO-X,,,;; and random in PSO-X,;;; and



148 CHAPTER 8. PSO-X: A FLEXIBLE, MODULAR FRAMEWORK FOR PSO

parameters f. and s., whose value is inverted in PSO-X,,,,;; compare to PSO-X,;;
(see Table 8.4). Data from Table 8.6 shows that the configuration of PSO-X,,,,;
is quite performing to tackle functions with large plateaus and quite regular
landscapes, such as Elliptic (f2), Schwefel (f¢, fs, and f1,) or Rosenbrock (f15 and
f16), where PSO-X,,,,; was the best performing of the six. However, when PSO-
X,ni faced less regular and multimodal landscapes, its performance declined
significantly. Given the large number of parameters in PSO-X compared to most
PSO variants in the literature, framework users could be interested in obtaining
information about the sampling distribution of the parameters and the way in
which they interact with each other. We present this information in Section B.2.2
of Appendix B, where we have included a number of plots and charts generated
using the data gathered from the configuration process with irace.

Table 8.6: Median results of the PSO-X algorithms in f;_59 with d = 50.

f# PSO-Xy PSO-Xyni PSO-Xyu PSO-Xpy PSO-Xew  PSO-Xsoco

f1 0.00E+00 0.00E+00 9.90E-09" 0.00E+00 0.00E+00 0.00E+00
fo 1.78E+06 1.18E+06 3.50E+06" 2.89E+06" 3.01E+06% 8.33E+06"
f3 2.10E+03 6.49E+03 2.09E+03 1.78E+03 2.37E+03 3.07E+03
fi 1.46E+04 2.31E+04" 3.91E+04" 1.49E+04 235E+04" 1.65E+04
f5 3.76E-09 1.05E-03" 249E-04" 5.69E-03" 2.96E-07" 1.55E-02%
fe 5.54E-04 5.25E-06 3.17E+01" 2.64E+01" 2.73E+00" 5.64E+01"
f7 1.96E+04 4.15E+04" 1.83E+04 1.45E+04 9.10E+03 3.80E+03
fs 0.00E+00 0.00E+00 7.04E-04" 0.00E+00 0.00E+00 0.00E+00
fo 2.76E+01 1.89E+02" 1.84E+02" 7.98E+01" 3.49E+01 5.36E-03
fio 0.00E+00 1.05E+00" 4.89E-07* 0.00E+00 0.00E+00 0.00E+00
fi11 2.86E+01 1.95E+02% 1.77E+02" 7.94E+01" 4.64E+01 1.07E-02
fi2 9.86E-05 1.86E-05 2.65E+01" 6.27E-02" 1.87E-01" 3.03E-02"
fi3 -1.44E-16 -1.44E-16 5.18E-05" -1.44E-16 -1.44E-16 -1.44E-16
fia 2.11E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.12E+01"
fi5 4.60E+01 3.35E+01 4.64E+01 4.42E+01 4.39E+01 4.19E+01
16 4. + . + . + . + . + . +
4.78E+01 4.70E+01 4.70E+01 4.70E+01 4.70E+01 4.70E+01
fi7 740E-03 1.63E-19 2.03E-09 1.63E-19 1.63E-19 5.42E-20
fis 1.63E-19 3.79E-19 1.10E-06 1.05E-12 1.20E-13  1.08E-12
fi9 1.24E+01 1.40E+02% 3.11E+01" 1.14E+02% 8.71E+01" 1.41E+02*
fo0 2.63E+02 2.43E+02 2.03E+02 1.95E+02 2.18E+02 2.39E+02
fo1 2.44E+04 256E+04" 2.34E+04 2.54E+041 2.51E+04" 2.86E+04*
fr» 2.86E+04 290E+04 2.79E+04 2.82E+04 2.81E+04 3.47E+04F
foz 3.60E+01 3.37E+01 2.78E+01 3.52E+01 3.74E+01 2.29E+01
foa 2.63E-01 7.06E-01" 6.10E-02  7.48E-01" 6.20E-01" 3.53E+007

* The symbol T that appears next to the median value indicates the
cases where there is a statistical difference in favor of PSO-X,;.
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Table 8.6 Continued.

f# PSO-Xyr PSO-Xyni PSO-Xput PSO-Xpyp PSO-Xeee  PSO-Xsoco

fos 6.60E-01 620E-01 4.10E-01 4.67E-01 448E-01 437E-01
fae 3A40E-01 7.77E-01" 322E-01 2.92E-01 2.94E-01  3.40E-01
fo; 1.89E+01 121E+02+ 3.97E+01T 1.34E-09  3.08E+01T 2.01E+01
fog 5.52E+01 147E+027 1.06E+02" 1.18E+02" 1.10E+02* 6.50E+01
fro 140E+01 7.97E+01" 3.39E+01T 6.52E+01T 5.99E+01* 6.18E+01+
fs0 6.36E-13 1.63E-07t 6.61E-04T 0.00E+00 1.33E-07" 0.00E+00
f51 2.80E+01 249E+02+ 1.09E+02" 6.28E+01+ 1.41E+02" 4.02E+01
f 1.79E+02 3.89E+02+ 2.68E+02 290E+02 2.87E+02 7.17E+01
fs3 1.92E+01 7.79E+017 4.26E+01T 6.32E+01" 6.41E+01* 9.75E+00
fsa 381E-18 1.34E-07t 4.20E-04T 250E-19 5.15E-08" 0.00E+00
fs5 127E+04 1.23E+04 1.23E+04 1.23E+04 1.23E+04 1.23E+04
fs6 149E+05 2.61E+05+ 1.22E+05 152E+05 1.48E+05 3.32E+06"
fs7 3.90E+01 4.77E+017 4.05E+01 5.35E+01 5.23E+01" 5.99E+01+
fs8 1.65E+05 3.10E+05T 2.14E+05 251E+05" 2.70E+05" 4.61E+05"
fs0 5.28E+00 549E+00 4.24E+00 4.50E+00 4.30E+00 5.43E-+00
fio 1.08E+01 1.74E+01% 1.61E+01% 144E+01" 1.28E+01T 9.58E+00
fr 346E+02 4.00E+02+ 3.37E+02 298E+02 2.24E+02 3.51E+02
fi» 2.00E+02 2.23E+02 120E+02 1.09E+02 9.44E+01 2.77E+02
fiz 2.25E+02 3.16E+02 3.01E+02 2.38E+02 2.35E+02 3.09E-+02
fis 955E+02 9.34E+02 9.25E+02 9.25E+02 9.27E+02  9.29E+02
fi5 9.56E+02 9.34E+02 9.25E+02 9.28E+02 9.25E+02  9.29E+02
fis 9.59E+02 9.33E+02 9.25E+02 9.28E+02 9.25E+02 9.29E+02
fi7 8.02E+02 1.02E+03T 1.01E+03" 1.02E+03" 1.02E+03" 1.01E+03*
fis 9.68E+02 9.58E+02 9.34E+02 9.09E+02 9.18E+02  9.22E+02
fio 9.76E+02 1.02E+03* 1.02E+03" 1.02E+03 1.02E+03 1.01E+03
fs0 9.42E+02 9.84E+02+ 1.11E+03T 9.57E+02 9.85E+02  9.38E+02

" The symbol T that appears next to the median value indicates the
cases where there is a statistical difference in favor of PSO-X,;.

8.5.2 Comparison with Other PSO Algorithms

We also compared the algorithms generated using PSO-X with ten traditional
and recently proposed PSO variants. As mentioned before, for each algorithm
we collected data using both a default (dft) version—that uses the parameter
settings proposed by the authors—and a tuned (tnd) version—whose parameters
were configured with irace. Based on a Wilcoxon-Bonferroni test at « = 0.05,
we selected the best performing of the two versions of each algorithm. However,
since the computed p-values were larger than 0.05 for ERiPSO, FraPSO and
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Table 8.7: Average ranking (Av.Ranking) and average median error (Av.MEDerr)
obtained by the PSO-X algorithms in f;_j» (unimodal), f13_2¢ (multimodal), fo7_50
(hybrid) and fotateq with d = 50.

f# PSO-X,y PSO-X,yi PSO-Xy PSO-Xpyy PSO-Xeee PSO-Xsoco
AvRanking  2.83 4.25 4.83 3.67 3.75 3.83

fi-12 Av.MEDerr 1.30E+05 8.21E+04 2.75E+05 2.22E+05 2.32E+05 6.75E+05
AvRanking  3.27 4.54 3.15 3.62 3.54 3.69

f13-26 | Ay MEDerr 2.63E+02 3.75E+02 1.45E+02 3.04E+02 2.79E+02 9.55E+02
AvRanking 1.9 458 31 258 1.66 42

f27-50 | Ay MEDerr 6.04E+03 1.63E+04 6.89E+03 9.58E+03 1.02E+04 145E+05
AvRanking  3.91 436 3.05 2.77 3.14 4.09

frotated | Ay MEDerr 7.01E+04 4.31E+04 149E+05 1.20E+05 1.26E+05 3.68E+05
AvRanking  3.24 4.68 3.54 3.42 3.38 3.68

fi-50 | AyMEDerr 3.42E+04 2.80E+04 6.94E+04 5.81E+04 6.09E+04 2.34E+05

SPSO11, we selected the version that obtained the lower median value across
the 50 functions. In Table 8.8, we show the median of the 50 runs executed by
each algorithm for each function and, in Table 8.9, we show the mean ranking
obtained by each algorithm according to the different classes in which we
separated the functions in the benchmark set. To complement the information
given in the tables, in Section B.4 of Appendix B, we present the distribution of
the results obtained by the 16 compared algorithms using box plots.

In terms of the median solution quality, except for PSO-X,,,,;, the performance
of the automatically generated PSO-X algorithms was better than any of the
PSO variants in our comparison. PSO-X,.. obtained the best ranking followed
by PSO-X,,;; and PSO-Xj,p, and it was also the algorithm that returned the best
median value in most functions. Regarding the performance of the algorithms
on specific problems classes, PSO-X,. obtained the best ranking according to
the Av.MED result in the unimodal and rotated functions, PSO-X,,,,; the best one
in the multimodal functions, and PSO-X,; the best one in the hybrid functions;
whereas the algorithms that obtained the lower Av.MEDerr were LcRPSOy g
in the unimodal and rotated functions, and PSO-X,,,; in the multimodal and
hybrid composition functions. To put these results in context, in Table 8.9, we
have used boxes to highlight the results of the PSO variants whose ranking was
equally good, or better, than any of the PSO-X algorithms.
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Note that only IncPSOy,,; and StaPSOy,; were capable of outperforming the
results obtained by some of the PSO-X algorithms, specially in the rotated func-
tions, where those two algorithms were as competitive as those automatically
generated. However, in the case of the hybrid composition functions the results
are quite compelling in favor of PSO-X, since even the worst automatically
generated algorithm performed significantly better than any of the PSO vari-
ants. This is a very strong point in favor of our PSO-X algorithms not only
because half of the functions in our benchmark set are hybrid compositions,
but also because these kinds of functions are the hardest to solve and the most
representative of real-world optimization problems.

According to Wilcoxon pair-wise tests between PSO-X,.. and the PSO vari-
ants using the data presented in Table 8.8, the median solution values obtained
by FinPSOy,,4, StaPSOy,,; and IncPSOy,,; are not statistically different from PSO-
Xcec- FINPSOy,,y was the best performing of the PSO variants in the unimodal
functions, and IncPSQOy,; in the multimodal and rotated functions. The three
PSO variants have some commonalities regarding their design, including that
they all use low connected topologies (Von Nemann and ring) during most of
their execution (see Table 8.4) and, in the case of FinPSOy,; and IncPSOy,,4, they
both use the CCVUR. While our experimental results show that only IncPSOy,,4
and StaPSOy,,; are clearly better than one of our algorithms (PSO-X,,,,;) across
the whole benchmark set, the three PSO variants (FinPSOy,;, StaPSOy,,; and
IncPSOy,,4) produced results that are competitive with the PSO-X algorithms in
some specific classes of functions. Finally, it is worth pointing out that none of
the default versions of the PSO variants that we included in our comparison
(that is, ERiPSOgup, FraPSOyy and LeRPSOy4) performed as well as the ones
that were configured with irace in terms of median solution quality. It is
particularly interesting the case of StaPSO and FinPSO, whose performance
improved dramatically after the configuration process. However, it is extremely
common to see these two variants implemented with default parameters in
many papers proposing and comparing new algorithms.

8.5.3 Are PSO-X implementations convergent?

Local convergence is one of the most salient characteristics of high-performing
PSO implementations. It prevents unwanted roaming (which often results in
particles leaving the search space) and allows particles to improve the initial
solutions for any number of dimensions. Creating convergent implementation
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using PSO-X is possible because (i) the value of the three main parameters
of PSO (w1, ¢1 and ¢») is limited within the theoretical region where local
convergence is expected to occur,” and (ii) in PSO-X are implemented both a
number of algorithm components that have been shown to result in particles
local convergence (e.g., DNPP-spherical, Pert;,¢,-Gaussian, Pert;s,-Lévy, etc.) and
strategies that limit the magnitude of the velocity vector (velocity clamping).

As it can be observed in Table 8.4 and 8.5, the six PSO-X algorithm that
PSO-X automatically created use the two main algorithm components proposed
for the LcRPSO (i.e., DNPP-rectangular and Pert;,s,-Gaussian).!® In (Bonyadi
and Michalewicz 2014), it was formally and experimentally demonstrated that
LcRPSO is locally convergent because the Pert;,s,-Gaussian component satisfies
the local convergence condition, which ensures that the mapping between the
input vector 7 and the perturbed vector N (7,0;) is located in any definable
region of the search space—see (Bonyadi and Michalewicz 2014, Appendix 1)
for the formal definition of this condition. Although our PSO-X algorithms
are six different specializations of LcRPSO, by using a number of algorithm
components that were found to be good design choices during the configuration
process, they exhibit better performance than any of the variants considered in
this study. We believe this shows the power of combining automatic configu-
ration and component-based framework to create high-performing algorithm
implementations.

8.6 Summary

In this chapter, we presented PSO-X, a flexible, automatically configurable
framework that combines metaheuristic components and automatic configura-
tion tools to create high performing PSO implementations. Six PSO algorithms
were automatically created from the PSO-X framework and compared with
ten well-known PSO variants published in the literature. The results obtained
after solving a set of 50 benchmark functions with different characteristics and
complexity showed that the automatically created PSO-X algorithms exhibited
higher performance than their manually created counterparts.

In PSO-X, we have incorporated many relevant ideas proposed in the litera-

%In Section B.2 of Appendix B, we report the value of these parameters for the six PSO-X
algorithms and the ten PSO variants and the conditions for order-1 stability.

10Note that, in addition to Pert;,,-Gaussian, it is possible to use the Pert;,f,-Lévy component,
since the Lévy distribution is a generalization of the Gaussian
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ture for the PSO algorithm, including: different topologies, models of influence
and ways of handling the population; several strategies to set the value of
the algorithm parameters; a number of ways to construct and apply random
matrices; and various kinds of distributions of particles positions in the search
space. With PSO-X, we seek to provide a tool that can simplify the application
of PSO to tackle continuous optimization problems, and also to bring clarity on
the main design choices available when implementing it.

In addition to this, even though it was not among the goals for proposing
PSO-X, it is indeed possible to use this framework to instantiate some of the
“novel” metaphor-based metaheuristics that we have discussed in Chapter 6. For
example, the grey wolf optimizer algorithm can be easily instantiated from PSO-X
by using the DNPP-spherical component, the firefly algorithm by using the DNPP-
standard, AC-extrapolated and Mol-fully informed components, the bat algorithm by
using the AC-time-varying component, etc. In our opinion, the fact that these
“novel” metaheuristics can be instantiated from PSO-X just by selecting specific
metaheuristic components proposed for PSO shows, in a very compelling way,
that the behaviors that inspired the “novel” metaheuristics were completely
unnecessary from the beginning, as they did not bring anything new to the
tield. Unfortunately, the only function of the metaphors was to hide the fact
that the proposed ideas had been already proposed in the PSO literature.

Finally, it is worth mentioning one obvious limitation in our work: since
PSO is a intensively studied algorithm with hundreds of variants, including
in PSO-X the totality of the ideas proposed for this algorithm is challenging.
Hence, a continuous effort must be done to keep adding new algorithms to
PSO-X so that implementations remain competitive with the state of the art.
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Chapter 9

Too Many Metaphors, Too Little
Automatic Design: Is the Field of
Metaheuristics Moving in the Right
Direction?

In this chapter, we address various aspects of the field of metaheuristics in an
attempt to understand whether the field is moving in the right direction or not.
We present arguments for both a positive and a negative answer. We start by
discussing the difficulties of finding metaphors that lead to truly innovative
algorithms. Then, we discuss the rationale often presented by the authors
of “novel” metaphor-based algorithms as their motivation to propose more
algorithms of this kind, which is based on a wrong understanding of the No-
Free-Lunch theorems for optimization. We conclude this chapter by discussing
how to improve three foundational aspects of the field, namely the focus of the
research, the way metaheuristics implementations are benchmarked, and the
creation of new metaheuristics.

9.1 Why Some Metaphors Work While Others Do
Not?

In the period of time comprised between the late 1960s and the beginning of
2000s, the field of metaheuristics was characterized by a rapid growth in the
number of new methods proposed to tackle complex optimization problems

159
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and by many experimental and theoretical studies of such methods investigat-
ing their properties and ways to extend their capabilities (Corne et al. 1999;
Gendreau and Potvin 2019; Sorensen et al. 2018). The field also witnessed the
introduction of a few very successful techniques inspired by natural phenomena
such as evolutionary algorithms (Fogel et al. 1966; Holland 1975; Rechenberg 1971;
Schwefel 1977, 1981), where the inspiration is the phenomenon of evolution
by natural selection and survival of the fittest; simulated annealing (Cerny 1985;
Kirkpatrick et al. 1983), inspired by the metal annealing process whereby atoms
reorganize themselves so as to minimize an energy function; ant colony optimiza-
tion (Dorigo 1992b; Dorigo et al. 1991b), inspired by the foraging behavior of
ants; and particle swarm optimization (Kennedy and Eberhart 1995), inspired by
the dynamics and social interaction in bird flocks. These methods not only at-
tracted the attention of scientists and practitioners interested in solving relevant
problems for which other methods fail to provide satisfactory results, but also
led to one of the most widespread beliefs in the field, that is, that “nature is a
never ending source of inspiration” to tackle complex optimization problems.

Even though there are some examples of natural behaviors that have been
useful to design new and efficient optimization algorithms, the truth is that
finding a natural behavior that leads to both useful and novel ideas on how to
solve optimization problems turns out to be very difficult. The first difficulty
comes from the fact that one can be blinded by the desire of introducing a
successful novel algorithm and not realize that the considered behavior is
irrelevant for the purpose of designing of an optimization algorithm. A clear
example of this is given by the “novel” algorithms analyzed in Chapters 5 and 6.
Most of these “novel” algorithms are based on interesting behaviors exhibited
by different species of animals; however, when these behaviors were abstracted
as concepts to be used in an optimization algorithms, they turned out to be
either totally useless in optimization or to lead to the same ideas that were
already proposed in the past.

Indeed, the second difficulty is the difficulty of finding something that is
truly novel in the field of optimization. Clearly, there is no guarantee whatso-
ever that just by looking for inspiration in nature, or elsewhere, one can find
something that, when abstracted as an optimization algorithm, is both useful
and novel. In fact, it can be the case that an original, scientifically motivated, and
properly abstracted behavior results in an optimization algorithm whose design
is equivalent to one already proposed in the literature. An example of this is
the biogeography-based optimization (Simon 2008), which, as its author showed in
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a later study (Simon et al. 2011), is “a generalization of a genetic algorithm with
global uniform recombination”, an algorithms first proposed in the 1960s.

9.2 Metaphor-based Algorithms Motivated by Theo-

retical Research

In papers proposing “novel” metaphor-based metaheuristics, it is common to
tind a mention of the No-Free-Lunch (NFL) theorems formulated by Wolpert
and Macready (1997) as the theoretical foundation motivating the metaheuristic,
such as in the following examples:

“Obviously, the No Free Lunch theorem makes this field of study highly active
which results in enhancing current approaches and proposing new meta-heuristics
every year. This also motivates our attempts to develop a new meta-heuristic with
inspiration from grey wolves.”

(Mirjalili et al. 2014, pp. 46—47)

“Some of the most popular algorithms in this field are: Genetic Algorithms
(GA), Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO),
Differential Evolution (DE), Evolutionary Programming (EP). Although these
algorithms are able to solve many real and challenging problems, the so-called No
Free Lunch theorem allows researchers to propose new algorithms.”

(Mirjalili 2015b, p. 81)

“According to the “no-free-lunch” (NFL) theory, it is difficult to employ a single
meta-heuristic algorithm in striving to solve all possible optimization problems.”
... “This has been a motive for the researchers in this field, as well as ourselves, to
look for new and innovative nature-inspired methods to solve and show superior
scores on the current and new hard real-life problems. The door is still open, and
here we present a novel meta-heuristic algorithm based on human behavior with
the very famous tale of Ali Baba and the forty thieves, as our inspiration targeting
numerical optimization problems.”

(Braik et al. 2022)

However, even though the main implication of the NFL is that “all search
heuristics have the same performance when averaged over the uniform distri-
bution over all possible objective functions”, the assumptions that lead to this
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implication have been criticized as restrictive and unrealistic. Indeed, it has been
demonstrated that the NFL is unrealistic in black-box optimization scenarios
(i.e., where the objective function can be queried but its definition remains
unknown) and that the theorems do not hold for multi-objective problems and
continuous domains—being this latter the domain of application of the three
algorithms in the quotations above. A detailed discussion of the implications of
the NFL in problems that are relevant in practice can be found in (Auger and
Teytaud 2007, 2010) and in the references cited in these papers.

However, beyond the real implications of the NFL, it is obvious that faster
and more performing optimization algorithms are necessary to tackle the ever
more challenging optimization problems arising in all fields and disciplines.
For the vast majority of the researchers in the field of metaheuristics, develop-
ing better optimization algorithms requires to understand the weaknesses and
strengths of the existing ones before finding new sources of inspiration. Unfor-
tunately, rather than contributing to improve the state of the art, the hundreds
of “novel” metaphor-based algorithms already published in the literature are
leading the field astray, creating confusion, and making the use of unscientific
practices to seem normal in a scientific field. Moreover, as illustrated in the
quotations above, the authors of metaphor-based metaheuristics seem to think
that advancing the field means introducing more and more absurd metaphors
and develop more and more “novel” algorithms, despite the growing evidence
clearly pointing to the fact that this approach is greatly inefficient and has many
negative consequences.

9.3 Where Do We Go From Here?

In their 2017 contribution to the Handbook of Metaheuristics, “A history of
metaheuristics”, Kenneth Sorensen, Marc Sevaux, and Fred Glover (2018) posed
as a possibility that the next transition in the development of metaheuristics
would be towards a scientific period. Even though it seems paradoxical to call for
a scientific period in a scientific field, the reason for this is both unfortunate and
simple: there is an increasing amount of research published in the literature that
is anything but scientific. Most of this unscientific research is related to the trend
of the “novel” metaphor-based metaheuristics that we discussed in Chapter 4.
This trend has been particularly difficult to stop due to the fact that there is
a relatively large active community “researching” these kinds of algorithms.
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Sadly, and to make matters worse, a pretty high number of papers have been
published that present the “novel” metaheuristics in a positive way, ignoring
the well-founded criticisms and /or taking such criticisms out of context.!

We strongly believe that, once the metaheuristics community as a whole
begins to look at the trend of the “novel” metaphor-based metaheuristics and
related research with scientific eyes, the trend will soon be stopped, many
published papers proposing “novel” metaheuristics will be withdrawn from
journals and conferences, and the whole thing will become a cautionary tale of
something that we should avoid in the future. Another reason to call for a more
scientific view is to try and unify an increasing body of research that seems
to be moving in opposite directions. Adopting a scientific view as baseline
for a field that is still expanding due to an active research community is the
best way to prevent the (re)appearance of detrimental trends in which personal
beliefs can override rational thinking. In addition to the aforementioned paper
by Sorensen et al. (2018), there have been a few other calls for the adoption of a
more scientific view in the field.

One of the most recent attempts to steer the metaheuristics community
towards a more scientific direction has been the “Metaheuristics in the Large”
community project (Swan et al. 2022). In this project, several prominent re-
searchers presented their long-term vision for the field, which consists of
three main conceptual underpinnings: (i) extensible and re-usable framework
templates—which refers to the concept of modern MSFs as described in Chap-
ter 7 of this thesis; (ii) white-box problem descriptions—which refers to the use
of analytic information to guide the metaheuristic selection/construction in an
informed manner; and (iii) remotely accessible frameworks, components and
problems—which refers to the creation of service-oriented architectures that
enable the widespread re-use of data and programs.

Another attempt to refocus the course of the field is a recent open letter
titled “Metaphor-based metaheuristics, a call for action: the elephant in the room”
(Aranha et al. 2022), which brought together around 100 researchers in the
field that subscribed to the goal of putting a limit to the publication of “novel”
metaphor-based metaheuristics by adopting concrete actions, such as calling for
scientific journals to establish clear editorial policies concerning how to manage
articles presenting this type of metaheuristics. This open letter has been one of

1See, e.g., K. Rajwar, K. Deep and S. Das. An exhaustive review of the metaheuristic
algorithms for search and optimization: taxonomy, applications, and open challenges. Artificial
Intelligence Review. Springer, 2023.
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the most compelling efforts conducted so far to increase the awareness about
the problem of the “novel” metaphor-based metaheuristics.

While the vision presented in these documents has been an important step
towards steering the field into a healthier direction, there is still much to be
done in this regard. In particular, it seems that more efforts are needed to bring
together the metaheuristics community to address the various issues that have
remained unresolved for years. The next sections discuss three fundamental
ways that we suggest might prove to be decisive in removing from the field
of metaheuristics the less scientific approaches. In particular, we discuss the
need (i) to increase the amount of research that is either experimentally- or
theoretically-driven; (ii) to improve the way metaheuristics are bechmarked;
and (iii) to change the current mainstream approach to create metaheuristics.

9.3.1 Rethinking the Focus of the Research

As a field of study, metaheuristics are first and foremost an applied science that
deals with the design and application of optimization algorithms? that work
well (often much better than well) regardless of the complexity of the problems.
As such, the field has always had a strong bias towards application-oriented
research and has extensively used “competitive testing”® to make claims about
the algorithms’ performance (Hooker 1996). However, even though competitive
testing allows to answer the question “Which of the considered algorithms will
provide the best solution quality for the problem at hand?”, it does not allow to delve
deeper into the reasons that lead to the observed results. Therefore, when it
comes to advancing the field and to increasing our knowledge of why some
techniques work well on some problems and not on others, it is key to reduce
the asymmetry between the amount of research that is application-oriented and
the one that is experimentally- or theory-driven.

Studying the interplay between the computational models underlying a
metaheuristic and its performance on different problems classes is important
not only from a research perspective, but also from a practical one. Exper-

%In the remainder of this chapter, when discussing general aspects of the field, we use the
more general term “optimization algorithms” instead “metaheuristics”.

3Competitive testing consists in evaluating the performance of the compared algorithms so
as to determine the “winner” of the competition, that is, the algorithm that performs better
than any of its competitors on a given set of problem instances and for a given performance
measure (Bartz-Beielstein et al. 2020). However, it does not provide any information about what
causes the differences in performances.



9.3. WHERE DO WE GO FROM HERE? 165

imental and theoretical analyses allow, for example, (i) to understand how
extensible are the ideas involved in a metaheuristic, and therefore, to know
how they can be used to address other problems; (ii) to guide the development
of new metaheuristic components that can further improve the metaheuristic
performance or solve issues that have been identified so far; and (iii) to define
guidelines for creating metaheuristic implementations, i.e., useful indications of
the different ways in which metaheuristic components can be combined, so that
new designs can be created and tested more easily.

Fortunately, in the last few years, things seem to have been changing for the
better in this area, as it is nowadays much more frequent to find application-
oriented papers that introduce new optimization algorithms motivated by
empirical evidence or theoretical findings. Unfortunately, there are still many
important challenges to be overcome that concern the way research itself is
conducted in this field, starting by the methodological practices that we use to

draw conclusions from experimental studies.

9.3.2 Rethinking the Way We Benchmark Metaheuristics

It was Carl Sagan who popularized the phrase “extraordinary claims require
extraordinary evidence” (Sagan 1979). In the field of metaheuristics, there is
great variety in the way evidence (i.e., data) is collected and used to draw con-
clusions about the metaheuristics” performance—a process commonly referred
to as benchmarking (Bartz-Beielstein et al. 2020). For example, at one end of the
spectrum there are articles about the “novel” metaphor-based algorithms, that,
although do not lack extraordinary claims, are often textbook examples of poor
scientific practice (see the discussion in Chapter 4). At the other end of the
spectrum there are researchers creating new tools to evaluate the metaheuris-
tics” performance (Eftimov et al. 2020) and investigating new methodologies to
compare metaheuristics based on modern techniques, such as the use of deep
statistical analyses (Eftimov et al. 2017).

In general, even though there are a number of state-of-the-art methodologies
and tools available in the literature to evaluate optimization algorithms (Derrac
et al. 2011; Eftimov et al. 2017; R Development Core Team 2008; Sheskin 2011),
they are not always used to evaluate the metaheuristics” performance. For exam-
ple, it is still frequent to see structurally biased metaheuristics that are evaluated
on biased tests sets (Kudela 2022) and flawed experimental methodologies
that present unfair comparisons, do not guarantee reproducibility, and neglect
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important performance metrics (Bartz-Beielstein et al. 2010; Campelo and Taka-
hashi 2019; Garcia-Martinez et al. 2017; Hooker 1994, 1996; Lopez-Ibafiez et al.
2021). These issues, however, happen more often on some publication venues
than in others. Therefore, to really tackle these issues, higher scientific standards
would need to be implemented and systematically enforced by all the different
outlets in which the literature of metaheuristics is published.

Recently, a number of researchers came together and put forward a set of
guidelines and best practices to benchmark optimization algorithms with the
aim of addressing the poor benchmarking practices often used in the field
(Bartz-Beielstein et al. 2020). Among the guidelines and best practices they
have proposed are: (i) clearly specifying the goal of the benchmark study
and design it accordingly; (ii) using benchmarks that are comprehensive on
both the size, difficulty and diversity of the problems; (iii) using manual or
automatic techniques to configure the parameters of the metaheuristics; (iv)
using sound statistical methodologies in order to decide what experiments
should be conducted, how many times each experiment should be repeated,
which data should be gathered and how it should be processed, analyzed,
interpreted, and presented; and (v) avoiding generalizing the results without
having enough evidence to do it or without defining clear bounds within which
such generalization apply.

It is impossible to overstate the importance that the research focused on
improving the way metaheuristics are compared and evaluated has in this field,
which involves the often underestimated effort of creating /updating testbeds on
a regular basis in order to reflect the complexity found in ever changing realistic
scenarios (Hansen et al. 2021). However, moving from theory to practice has
proven to be quite challenging for a field that is experimental in nature and has
been focused mostly on testing metaheuristics as if they were horses in a race
for most of its history. Indeed, despite the many efforts devoted to improve the
experimental practices used in the field (Bartz-Beielstein et al. 2010; Campelo
and Takahashi 2019; Garcia-Martinez et al. 2017; Hooker 1994, 1996), adopting
such practices has not yet being widely done, particularly in some of the venues
where “novel” metaphor-based metaheuristics are regularly published.

9.3.3 Rethinking the Way We Create Metaheuristics

Based on what we have discussed in this thesis, it seems only natural to argue
in favor of moving from manual to automatic design as the main way to
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create metaheuristics. This includes promoting the research that focuses on the
creation of flexible, automatically configurable MSFs that can be extended with
new metaheuristic components so that other researchers/practitioners can use
them in different contexts. Additionally, it is key to promote the research on
automatic design methods and their application to develop implementations
that are tailored for the specific needs of the user. The long-term goal of this
approach is to fully automatize the process of creating metaheuristics, such that,
when a new problem arises, an effective metaheuristic implementation can be
automatically created in a timely and unbiased way.

In addition to adopting the automatic design paradigm as the main way to
create new metaheuristics, we also advocate here for harnessing the advances
in machine learning (ML) to further boost the development of performing
metaheuristics. Several research trends have emerged that explore ways of
integrating ML into metaheuristics (Gambella et al. 2021; Karimi-Mamaghan
et al. 2022; Song et al. 2019; Talbi 2021). Different levels of integration have
been identified in the literature (Karimi-Mamaghan et al. 2022; Talbi 2021), such
as problem level integration—where ML can aid in recomposing the objective
function and constraints of the problem or in decomposing the search space;
high-level (algorithm-level) integration—where ML is used to select a suitable
algorithm from an algorithms portfolio; and low-level (component-level) integra-
tion—where ML is used to automate the task of selecting and fine-tuning the
algorithm components that perform best for a particular problem.

In recent years, metaheuristics designers have also begun to make use of
data analytics tools (e.g., functional ANOVA (Hooker 2012), forward selection
(Hutter et al. 2013) and ablation (Fawcett and Hoos 2016)), which are at the core
of data science, to obtain knowledge about the algorithms” performance from
the data collected during the design process. The productive synergy created
between ML and metaheuristics has resulted not only in new ways to design
and implement increasingly effective algorithms, but also in new ways to study
these techniques and understand why specific designs are performing whereas
others are not.

9.4 Summary

In this chapter, we tried to answer the question of whether the field of meta-
heuristics is moving in the right directions or not. To us, as well as to many other
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researchers in the metaheuristics community, the right direction is one where
there is a balance among the different type of research (application-oriented and
experimentally- and theoretically-driven), where new ideas are properly tested
and compared, where the more efficient and less biased approaches replace
those that are inefficient and more biased, and where the use of unscientific
practices is either nonexistent or rare. Unfortunately, the issue of the “novel”
metaphor-based metaheuristics is not only pushing the field of metaheuristics
away from these ideals, but also creating many new problems in its wake that
the metaheuristics community will have to sort out. Regardless, there are many
reasons to be optimistic about the future of this field and to believe that the
more robust and scientific approaches will win out over the less scientific ones.
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Conclusions and Future Work

10.1 Conclusions

In the last decades, metaheuristics have been the method of choice to find
approximate solutions to many difficult optimization problems. However, even
though they have allowed important advances in the optimization field, the
way the majority of metaheuristics are created to this day is still the same as
in the early days—that is, they are the result of a time-consuming, error-prone
process, in which a human designer manually creates the different components
to be used in the metaheuristic implementation. Although this way of creating
metaheuristics has been successful in the past and, in a few cases, involves the
use of metaphors from naturally occurring optimization behaviors, it is now time
to move towards a new way of creating metaheuristics that avoids the pitfalls
of manual design. In this thesis, we have examined in detail an alternative
approach called automatic design, and we have presented strong arguments to
move away completely from the approach of finding inspiration in other fields
of knowledge to manually develop new metaheuristic implementations.

After the introductory Chapter 1, in which we described the motivation for
this research work, outlined the structure of the thesis and gave a preview of
the research contributions, we began this thesis in Chapter 2 by giving a short
introduction to optimization and metaheuristics. First, we described the set
of optimization problems that are difficult to solve—i.e., those that cannot be
efficiently approached with exact or analytical methods—as these are the type
of problems for which heuristics and metaheuristics are commonly applied.
Then, we presented a number of successful metaheuristics inspired by natural
and social behaviors, which are also among the best performing ones available
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in the literature. In doing so, we intended to show that, historically, there has
been a reason for using metaphors to devise truly innovative metaheuristics.

Chapter 3 was dedicated to present and contrast the two main approaches
used to create new metaheuristics: manual design and automatic design. The
automatic design of metaheuristics is based on the use of a component-based
view to define a metaheuristic design space and on the application of auto-
matic configuration tools to explore many different designs until one is found
that satisfies the needs of the user. The research done on the automatic de-
sign of metaheuristics has already led to a number of metaheuristic software
frameworks that enable the use of automatic configuration tools to design
high-performing implementations in a very efficient way, such as PSO-X, whose
advantages were shown experimentally later in the thesis.

In Chapter 4, we elaborated on the trend of the “novel” metaphor-based
metaheuristics inspired by natural, artificial, and even supernatural behaviors,
which since a few years is being strongly criticized due to the uselessness of
the new metaphors to devise truly novel algorithms, and to the confusion they
have created in the literature of the field. In this chapter, we also argued that
this trend exists in part due to the prevalence of manual design as the main
way to create metaheuristics.

In order to illustrate why these kinds of metaheuristics are so problematic,
we presented a number of analyses of highly-cited “novel” metaheuristics that
turned out to lack any novelty. In addition to study their mathematical models
and compare them with those proposed in well-established metaheuristics, we
analyzed the use of the metaphors and found that they are completely useless
from the point of view of devising novel optimization algorithms. Chapter 5,
which was dedicated to discrete optimization, presented the analysis of the
intelligent water drops and five of its variants; Chapter 6, which was dedicated
to continuous optimization, presented the analysis of the grey wolf, moth-flame,
whale, firefly, bat, antlion and cuckoo algorithms. Unfortunately, these are just a
few examples in a long list of hundreds of “novel” metaheuristics with similar
problems.

In Chapters 7 and 8 of this thesis, we elaborated on the increasing application
of the automatic design paradigm in the field of optimization and discussed
why it is currently the most efficient way to create high-performing metaheuris-
tics implementations, as well as a possible solution to the problem of the “novel”
metaphor-based metaheuristics. In Chapter 7, we first discussed the different
aspects surrounding the creation of flexible, automatically configurable meta-
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heuristic software frameworks from which high-performing implementations
can be instantiated. Then, we presented some of the most popular of these
software frameworks and described how researchers and practitioners are using
these tools to create metaheuristics implementations whose design has never
been considered before in the literature. In Chapter 8, we presented PSO-X,
the metaheuristic software framework for particle swarm optimization that we
developed in the context of this research work. We experimentally showed that
PSO-X can be used to instantiate high-performing PSO algorithms without the
need to consider new metaphors.

We concluded this work in Chapter 9 trying to answer the question of
whether the field is moving in the right direction based on the state of some
foundational aspects of the field. First, we discussed some of the difficulties in
finding truly useful behaviors that can be used as an inspiration for the design of
novel metaheuristics, as well as the wrong practice of citing the No-Free-Lunch
as theoretical basis for introducing a new metaphor. Then, we reflected on some
foundational aspects of the metaheuristics research. Some of the conclusions
from our reflection on these aspect are that, in order to continue advancing the
field of metaheuristics, we need to:

* continue increasing the amount of research that is experimentally- or
theoretically-driven rather than focusing only on purely application-driven
research;

* use state-of-the-art benchmarking practices to evaluate and compare meta-
heuristics and not only use the so-called “competitive testing”; and

* use modern tools to automatically create high-performing metaheuristic

implementations.

This doctoral thesis was focused on the last of the three foundational aspects,
which argues for fundamentally changing the way metaheuristic implementa-
tions are created. Fortunately, the area of automatic design is growing rapidly
and it seems only a matter of time before modern, automatic design methods
become widespread and replace manual design as the mainstream approach
to design new metaheuristics. This, we believe, will help to put a definitive
end to the trend of the “novel” metaphor-based metaheuristics and will have
a positive, long-lasting effect on the way we see, understand and apply these
optimization algorithms.



172 CHAPTER 10. CONCLUSIONS AND FUTURE WORK

10.2 Future Work

Although there is already a vast diversity of metaheuristic techniques and
mechanisms to create new designs, there are still many opportunities in the
field. In particular, we consider promising to devote efforts (i) to create modeling
frameworks that allow to better characterize metaheuristics, which have already
shown great potential to quantify the similarity between metaheuristics (Armas
et al. 2022); (ii) to develop advanced ways to benchmark metaheuristics, such as
the creation of readily accessible statistical tools (Eftimov et al. 2017, 2020); and
(iii) to extend the existing ecosystem of metaheuristic software frameworks and
investigate ways to increase the re-usability of their components (Swan et al.

2019).

Modeling frameworks and metaheuristics characterization. One of the main
issues in the metaheuristics research field is the lack of a comprehensive frame-
work that allows to readily characterize metaheuristics and the relationships
that exist among them and with other optimization techniques. There are
different approaches that can be considered to address this issue, such as the
use of ontologies to represent the concepts that belong to different metaheuristic
classes, and the use of large language models—e.g., GPT, Turing NLG, and
BERT—to extract information from the ontologies. Using ontologies and large
language models it should be possible not only to describe a metaheuristic in
great detail and see how it is related to other techniques using different levels
of abstraction, but also to have an efficient way to obtain a quick classification
of a metaheuristic implementation and its degree of novelty.

Advance metaheuristics benchmarking. Another important research direction
for the future is to find ways to improve the way we benchmark metaheuristics.
An interesting approach in this direction is the use of the so-called meta-learning
and continuous learning approaches, where a machine learning algorithm is
used to extract features both from the benchmark problems and from the
metaheuristic implementations in order to link the type of problems for which
a particular metaheuristic design can obtain good results. This approach can
be used to create a large database of metaheuristics designs and performance
assessments that can be (re)used in future benchmarking studies. However, in
order for this approach to be truly successful, the metaheuristics community
would have to adopt sound data management practices that guarantee the
trustworthiness of the collected data.
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Integration of metaheuristic software frameworks. In the future, we can
expect to see a much higher degree of integration of the existing different
optimization tools and of the mechanisms that have been developed to design
metaheuristic implementations, both of which are, at the moment, scattered
in the literature. In such a scenario, the use of automatic design and of the
component-based view of metaheuristics will be predominant, allowing the
possibility to easily create implementations that include components from any
kind of metaheuristic.

Assisted optimization problems modeling. The last research direction is
worth devoting efforts in the future is the creation of tools that assist users
to model the optimization problem they want to solve in a simpler way. This
is something rarely discussed in the literature of metaheuristics, where the
optimization problem to be tackled is typically already well-defined. How-
ever, in many real-life situations, modeling the optimization problem is not
straightforward. This is the case, for example, in those situations in which
(i) there are complex dependencies among the solution variables, and/or (ii)
the environment of the problem is dynamic and the position of the optimum
changes over time. One way to automatize the modeling of the optimization
problems is by using some of the open source natural language processing
(NLP) packages, such as NLTK, PyTorch-NLP and OpenNLDP, to create a tool
that is capable of analyzing the raw data available on the problem and obtaining
insights about its structure to produce a model that is meaningful for the user.

For several years, we have seen the integration of the different areas of
Al to devise ever more powerful approaches. This has allowed us not only to
solve a wide array of complex problems that we were not able to solve before,
but also to simplify the execution of a number of tasks that are encompassed
in their solution. The field of metaheuristics, despite the existence of some
regressive trends, has also been part of this integration with other areas of AL
In our opinion, the outlook for the field of metaheuristics is very exciting and
full of opportunities. Notably, the field keeps moving towards an increasing
level of automation. This automation will not only allow users to be assisted in
the description of new challenging optimization problems and in the automatic
creation of high-performing algorithms to solve them, but also, very importantly,
will help us to better understand the many different techniques that have already
been proposed so that we can continue improving them.






Appendix A

Applying the IWD to the Traveling
Salesman Problem

In this appendix, we illustrate one iteration of the intelligent water drops (IWD)
metaheuristic applied to the traveling salesman problem.

A.1 Traveling salesman problem

In the traveling salesman problem (TSP), a set of n cities has to be visited
by a salesman using the shortest possible route. After visiting each of the n
cities once, the salesman has to return to his home city. In formal terms, we
are searching for the Hamiltonian tour of minimal length in a fully connected

graph.

Figure A.1: A 5-cities graph for the TSP and distance between each city.

In Figure A.1 we show a graphical representation of the TSP instance con-
sidered in the example. The cities names are indicated within the graph nodes
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and the distances d;; between them is shown in color blue on the graph edges.

A.2 IWD notation and equations

The probability pi.‘]. with which a water drop k placed on city i adds a non-
yet-visited city j to the tour it is constructing is given by the random selection

rule:
1

€+g(50ilij)

1 7
1hgzl\[f <€+g(50ilih))

Pl = (A1)
where soil;; is the amount of soil on edge ij, € is a small constant to avoid
division by zero, N/ indicates the set of feasible solution components (i.e., edges
that connect the current city to cities that have not been visited yet); therefore,
ih € Nf indicates that city & can be added to a solution being constructed by a
water drop placed on city 1.

After a city j has been added to the tour constructed by water drop k:

* the amount of soil on the edge (soil;j) is updated using the local soil update
equation:

soilij = (1 — ¢) - soil;; — ¢ - Asoilf-‘]-, (A2)

where ¢ is a user selected parameter in the interval [0,1),

as

A.
bs + ¢ - [HUD;; / vel*]?’ (A-3)

gk
Asoil;; =

and
ay

bv +cCy- [SOZ'ZZ']']ZI

velk = vel* + (A4)

¢ and the soil collected by the water drop k is updated using the equation:

collected_soil" = collected_soil* + Asoilf‘j, (A.5)

where Asoilffj is defined as in Equation A.3

The parameters as, bs and cs in Equation A.3 and a,, b, and ¢, in Equation A.4
are user selected parameters. HUDj; is the heuristic undesirability of adding a
city j to the tour while placed on city i, which, in this case, corresponds to the
distance d;; between cities i and j (see Fig. A.2).
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01 2 2 6
1 0 6 8 10
HUD=|2 6 0 12 4
2 8 12 0 1
6 10 4 1 O

Figure A.2: Heuristic undesirability matrix

Once all solutions are completed, the water drop kPt that constructed the

best

best tour s7*" updates the values of soil;; on all the edges that belong to sbest

using the global soil update rule:

. 7 . . . b t . .o b t
(1+p) - soilij — p - Asoili* if ij € s (A6)

SOil,‘j = ] .
soil;; otherwise,

where
Asoilf’j“t = collected_soil’®' /N — 1 (A7)

where N is the number of cities in the constructed solution, which in our
example is 5.

In Table A.1 we give all the parameter values as recommended in (Shah-
Hosseini 2009).

Table A.1: Recommended values for the IWD’s parameters

Parameter: ay| by |cy|as| bs |cs|InitSoil |InitVel|collected_soil | ¢ | p
Value: 1/0.01{1|1]0.01{1| 10000 | 200 0 0.9]0.9

A.3 Example

In this example, we make reference to the content of a spreadsheet file which is
available as online supplementary material for the article (Camacho-Villalén
et al. 2019) at: https://static-content.springer.com/esm/art%3A10.1007%
2Fs11721-019-00165-y/Medialbjects/11721_2019_165_MOESM1_ESM. ods.

The algorithm to solve the TSP using IWD is shown in Algorithm 11. In
this example, we set the number of water drops to 3 (i.e.,, m = 3). Let us


https://static-content.springer.com/esm/art%3A10.1007%2Fs11721-019-00165-y/MediaObjects/11721_2019_165_MOESM1_ESM.ods
https://static-content.springer.com/esm/art%3A10.1007%2Fs11721-019-00165-y/MediaObjects/11721_2019_165_MOESM1_ESM.ods
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Algorithm 11 IWD algorithm for the traveling salesman problem

Output: Shortest tour found ST
Require:

m <3

N<+5

ST ¢~

> number of water drops
> number of cities
> best solution found

ay < 1,by, 001, cp < 1,a5 <1, b5 < 0.01,c5 < 1, ¢ < 0.9, p < 09

sbest « random_solution

1: for all (i,j) do
2: HUD <« d(i, )
3: soil;; += 10000
4: end for
5: while (! TERMINATION()) do
6: for k + 1tomdo
7 sk ()
8: velk < 200
9: collected_soilk + 0
10: select random initial city i
11: h+i
12: for n < 2 to N do
13: select next city j
14: add city j to s
15: update soily;
16: update collected_soil*
17: h<+j
18: if (n = N) then
19: add city i to s¥
20: update soily;
21: update collected_soilk
22: end if
23: n<—n+1
24: end for
25: k+—k+1
26: end for
27: for all k do
28: if (F(s*) < F(s"*")) then
29: sbest « gk
30: end if
31: end for
32:  forall (i,j) € st do
33: update soil;;
34: end for
35: if (F(sP*t) < F(ST)) then
36: ST ¢ sbest
37: end if

sbest « yandom_solution
38: end while
39: Return ST

> initial iteration-best solution

> initial heuristic undesirability values

> initial soil values

> each water drop builds a solution
> initial empty partial solution

> initial water drop velocity

> initial collected soil

> select initial city

> use Equation A.1
> add the city to the solution
> use Equation A.2

> use Equation A.5

> return to the initial city
> use Equation A.2

> use Equation A.5

> iteration-best solution is computed
> F(-) returns the cost of the solution

> global update
> use Equation A.6

> new global-best solution




A.3. EXAMPLE 179

suppose that in the first iteration of the algorithm the 3 water drops construct
the following tours:

k=1: d-e-b-c-a-d
k=2 : a-e-d-c-b-a
k=3 : d-e-c-b-a-d

that is, for k=1, d is the initial city randomly selected (line 10, Algorithm 11),
and cities ¢, b, c and a are then selected by means of the random selection rule (line
13, Algorithm 11). Finally, the tour is completed by deterministically adding
the inital city 4 (line 19, Algorithm 11). Similarly for k = 2 and for k = 3.

Using these tours, the rest of the execution of Algorithm 11 is described using
the content of the spreadsheet file. First, the HUD matrix (line 2, Algorithm 11)
is defined in cells A1:G6, and the initial soil matrix (line 3, Algorithm 11) is
defined in cells A9:G14, The parameters of the algorithm are defined in cells
I1:]8 (see also Table A.1). The user may modify the value of these parameters to
try the example using different parameter configurations.

For every city added to a solution, we show in the spreadsheet file the
computation of the water drops new velocity vel*, of the variable Asoil;-‘, of
the new value of soil;; (lines 15 and 20, Algorithm 11) and the new value of
collected_soilf (lines 16 and 21, Algorithm 11). The new values of soil;; are shown
highlighted in the updated soil matrix shown on the right side (e.g., in the
updated soil matrix of cells D22:H26, soil is updated in cells G26 and H25).

After the three water drops have completed their tours, we show the appli-
cation of the global soil update in cells A153:C158, and the resulting soil matrix
in cells E152:J158. In Algorithm 11 this is shown from lines 27 to 34.

Note that after the application of the global soil update and using the
parameters recommended by the author (see Table A.1), some of the graph
edges included in the best solution end up with a higher soil value. This is
counter-intuitive as the edges of the best quality solution should rather decrease
their value. In fact, as we explain in the article, this will happens as long as the
value of soil;j is positive and the right-hand side of Equation A.6 has a smaller
value than the left-hand side—i.e., (collected_soil**t/ Npest — 1) < (1 + p) - soily;.






Appendix B

Supplementary Material for PSO-X

This appendix contains supplementary material for the PSO-X framework
described in Chapter 8. In Section B.1, we present a number of tables that
contain: (i) the abbreviations used in the Chapter 8 (Table B.1); (ii) the complete
list of parameters of the PSO-X framework (Table B.2); (iii) the forbidden
configurations when executing PSO-X (Table B.3); (iv) the available strategies
for computing the main parameters of the generalized velocity update rule that
we proposed (Table B.4); and (v) the parameter settings of the default and tuned
versions of the ten PSO variants included in our comparison (Table B.5). In
Section B.2, we present an analysis of the convergence of the PSO-X algorithms
and of the PSO variants according to Poli (2009) and Poli and Broomhead (2007)
theoretical convergence bounds, as well as a number of plots that show the
sampling distribution of the parameters and the way in which they interact with
each other. The algorithms of the six PSO-X implementations and of the ten PSO
variants are reported in Section B.3. Finally, we present the distribution of the
median solution of the 16 compared algorithms using box-plots, in Section B.4;
and the best solutions quality vs function evaluations plots, in Section B.5.

B.1 Parameter Settings

B.1.1 PSO-X Parameters

PSO-X has a total of 58 parameters. However, not all of them are used at once
when the framework is executed. The actual number of parameters depends on
the options selected for Population, DNPP, Topology, Model of influence, wy, w»
and ws. In Table B.2, we show the complete list of parameters of PSO-X, their
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Table B.1: List of abbreviations used in Chapter 8

Abbreviations
PSO Particle swarm optimization
DNPP Distribution of all next possible positions
GVUR Generalized velocity update rule
CI Cognitive influence
SI Social influence
Pert,and Random perturbation
Pertinfo Informed perturbation
RRMs Random rotation matrices
PM Perturbation magnitude
Mtx Matrix
Top Topology
Mol Model of influence
Pop Population
ACs Acceleration coefficients

CCVUR Constriction coefficient velocity update rule

ERiPSO Enhanced rotation invariant PSO variant
FiPSO Fully informed PSO variant

FraPSO Frankenstein’s PSO variant

GauPSO Gaussian “bare-bones” PSO variant

HiePSO Hierarchical PSO variant

IncPSO Incremental PSO variant

LcRPSO Locally convergent rotation invariant PSO variant

ResPSO Restart PSO variant
SPSO11 Standard PSO 2011 variant
StaPSO Standard particle swarm optimization

type and domain, and the specific condition(s) under which each parameter
has to be configured. Note that, in Table B.2, we use the parameters names as
defined in the code of PSO-X; these are the names that users have to specify as
command line arguments when executing the framework. To avoid confusion,
we also show (in parenthesis) the names of the parameters as they are presented
and described in Chapter 8.
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Table B.2: Complete list of parameters as they have to be indicated when
executing PSO-X. The names in parenthesis in the first column are the ones

used in Chapter 8.
Name Type Domain Condition(s)
Population
0=Pop-constant,
populationCS (Pop) categorical ~ 1=Pop-time-varying,
2=Pop-incremental
particles integer (2, 200) populationCS € {0, 1}
initialPopSize (pop;,;)  integer (2, 10) populationCS € {1, 2}
finalPopSize (popfi,) integer (2, 200) populationCS € {1, 2}
particlesToAdd (¢) integer (1, 10) populationCS = 2
O=Init-random
IntitType (Init int ’ lationCS = 2
pIntitType (Init) integer L=Init-horizontal population
popT Viterations (k) integer (1, 100) populationCS =1
DNPP
0=DNPP-rectangular,
DNPP categorical ~1=DNPP-spherical,
2=operator_q
0=DNPP-standard,
‘ @ ¢ cal 1=DNPP-Gaussian, DNPP < 2
T =
operator-a caresonical - H_bN PP-discrete,
3=DNPP-Cauchy—Gaussian
randNeighbor O=false,
t ical DNPP =2
(Mol-random informant) CATCBOTIA 1 _true
operatorCG_parm_r (r) real (0.00, 1.00) operator_q =3
Topology
0=Top-ring,
1=Top-fully-connected,
2=Top-wheel,
topology (Top) categorical ~ 3=Top-Von Neumann,
4=Top-random edge,
5=Top-hierarchical,
6=Top-time-varying
0=Mol-best-of-neighborhood,
modInfluence (Mol) categorical ~ 1=Mol-fully informed,
2=Mol-ranked fully informed
branching (bd) integer (2, 20) topology = 6
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Table B.2 Continued.
Name Type Domain Condition(s)
Acceleration coefficients
0=AC-constant,
1=AC-random,
accelCoeffCS (AC) categorical e AC :jm om ] DNPP € {0, 1} V
=AC-time-varying,
DNPP = 2) A -
3=AC-extrapolated (« ) /\ (oper
ator_q = 0))
phil (¢1) real (0.00, 2.50) accelCoeffCS =0
phi2 (¢2) real (0.00, 2.50) accelCoeffCS = 0
initialPhil (@1i,) real (0.00, 2.50) accelCoeffCS € {1, 3}
finalPhil (¢1ax real (0.00, 2.50) accelCoeffCS € {1, 3}
initialPhi2 (@2.in) real (0.00, 2.50) accelCoeffCS € {1, 3}
finalPhi2 ((¢2max) real (0.00, 2.50) accelCoeffCS € {1, 3}
Random perturbation
O=none,
perturbation2 (Pert,,,q) categorical = 1=Pert,,nq-rectangular, omega2CS € {0, 2, 3,
2=Pert,,,4-noisy 4}
1=PM-constant value,
2=PM-Euclidean dist ’
magnitude2CS (PM) categorical 3:PM-otL:jc. flu::.n diz:nn;e, perturbation2 € {1, 2}
4=PM-success rate
magnitude2 (PM;—o) real (0.0, 1.0 magnitude2CS € {1,
4}
O=variable,

2 1_CS t ical itude2CS = 2
mag2_parm_I_ categorica l=constant magnitude
mag?2_par_l () real (0.0, 1.0) mag?2_parm_1 CS=1
mag2_par_m (m) real (0.0, 1.0) magnitude2CS = 3

2
zm;g —parm_sticcess integer (1, 50) magnitude2CS = 4

Sc
mag?2_parm_failure (f.) integer (1, 50) magnitude2CS = 4

Inertia
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Table B.2 Continued.

Name Type Domain Condition(s)

O=constant
1=linear decreasing,
2=linear increasing,
3=random,
11=self-regulating,
omegalCS (w1) categorical lZzafiaptwe based on
velocity,
13=double exponential
self-adaptive,
14=rank-based,
15=success-based,

16=convergence-based,

In Table B.3, we show the list of forbidden configurations when executing
PSO-X, i.e., parameter values or combinations of parameter values that are not
allowed. When a new configuration is created, irace evaluates whether the con-
figuration is valid based on the forbidden configurations file and automatically
discard it if it matches any of the entries in the file.

Table B.3: List of forbidden configurations when executing PSO-X.

Forbidden configurations

initialPopSize > finalPopSize

(topology = 6) A (modInfluence = 2)

(branching > finalPopSize) V (branching > particles) V (branching < initialPopSize)
(DNPP = 2) A randomMatrix € {1,2,3,4,5,6}

particlesToAdd > (finalPopSize—initialPopSize)

(accelCoeffCS = 1) A (initialPhil < finalPhil)

(accelCoeffCS = 1) A (initialPhi2 > finalPhi2)

(accelCoeffCS = 3) A (finalPhil < initialPhil)

(randNeighbor = 1) A modInfluence € {0,2}

(populationCS = 1) A ((particles < initialPopSize) V (particles > finalPopSize))
accelCoeffCS € {1,2,3} A (operator_q € {1,2,3)

(unstuck = 1) A (inertia = 0.0)

Finally, in Table B.4, we show the strategies available for computing parame-
ters w1, wy and w3 of the generalized velocity update rule (GVUR).
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B.1.2 PSO Variants Parameters

In Table B.5, we show the parameter setting of the default and tuned version

of the ten PSO variants included in the comparison with the automatically
generated PSO-X algorithms.

Table B.5: Parameter settings of the default (dft) and tuned (tnd) version of the
ten PSO variants included in the comparison.

Algorithm Settings
pop = 20, w; = 0.7213475, AC-random, @1y = O,
aft  @imax = 2.05, @omin = 0, Poamax = 2.05, Mtx-Euclidean
rotation,;; with a-adaptive and ¢ = 30 and p = 0.01.
ERiPSO Top-Von Neumann, pop = 166, w; = 0.4746, AC-random,
ind P1min = 0.825, @1ax = 1.686, @oin = 1.4733, ¢omax =
2.1776, Mtx-Euclidean rotation,,, with a-Gaussian and o =
39.8385.
dft pop= 20, w1 = wy = 0.729843788, Mtx-random diagonal,
FPSO 1 :.2.05 and ¢, = 2.05.
ind Top-ring, pop = 20, w1 = wy = 0.729843788, Mtx-random
diagonal, @1 = 2.1864 and ¢, = 2.3156.
aft Kk = 60, pop = 60, wi = linear decreasing, Wy, = 0.4,
Wimax = 0.9, tseng = 600, 1 = 2.0 and ¢, = 2.0.
FraPSO : :
x = 300, pop = 30, wq = linear decreasing, wy,;; = 0.0022,
tnd  wimax = 0.8625, typy = 210, @1 = 2.0322 and ¢, =
1.9605.
ift pop = 20, w1 = 0 and DNPP-additive stochastic DNPP-
Gaussian.
GauPSO - : - -
Top-time-varying with Mol-random informant, x = 150
tnd pop = 30, w; = 0 and DNPP-additive stochastic DNPP-
Gaussian.
HiePSO df bd = 5, pop = 40, wi = linear increasing, Wi, = 04,

Wimax = 0.9, @1 = 1.496180 and @, = 1.496180.

" ¢ and p are parameters of a-adaptive; o is a parameter of a-Gaussian; k is a parameter
of Top-time-varying; ty is a parameter of w; = linear decreasing; bd is a parameter of
Top-hierarchical; { is a parameter of Pop-incremental; and € is a parameter of PM-Euclidean

distance.
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Table B.5 Continued.
Algorithm Settings
HiePSO ind bd = 2, pop = 114, wy = linear increasing, w1, = 0.3284,
Wimax = 0.8791, @1 = 2.1105 and ¢, = 1.0349.
df Init-horizontal, pop;,; = 2, pops;, = 1000, § = 1, wy =
wy = 0.729843788, ¢ = 2.05 and ¢, = 2.05.
IncPSO Top-time-varying, ¥ = 2360, Init-horizontal, pop;,; = 5,
tnd popsiy, = 295, ¢ = 10, wy = wp = 0.729843788, ¢1 =
1.9226 and ¢, = 1.0582.
pop = d, w; = 0.7298, AC-random, @1,in = 0, QPrmax =
af 1.4962, @opin = 0, @omax = 1.4962, Mtx-random lin-
ear, Pert;,fo-Gaussian with PM-Euclidean distance and € =
0.46461/d%8.
LcRPSO Top-Von Neumann, pop = d, w; = 0.1306, AC-random,
ind Pimin = 0.3142, Q1o = 09002, @ppin = 0.3228,
P2max = 1.5209, Mtx-random linear, Pert;,,-Gaussian with
PM-Euclidean distance and € = 0.249.
df pop = 10, wy = linear decreasing, w1iyin = 0, Wimar = 0.1,
¢1 =15, ¢ =15.
ResPSO Top-ring with Mol-fully informed, pop = 10, w; =
tnd linear decreasing, wiyin = 0.2062, wipmay = 0.6446, @1 =
1.5014, ¢ = 2.2955.
df Top-ring, pop = 40, wy = 0.7213475, ¢1 = 1.193147, ¢, =
1.193147.
SPSO11 - . -
ind Top-time-varying with k¥ = 1085, pop = 155, w1 = 0.6482,
p1 = 2.2776, @y = 2.1222.
df Top-fully-connected, pop = 40, w1 = 0.7298, @1 = 1.496180,
@2 = 1.496180.
StaPSO

tnd

Top-Von Neumann, pop = 34, w; = 0.6615, ¢1 = 2.3706,
@2 = 0.8914.

" ¢ and p are parameters of a-adaptive; ¢ is a parameter of a-Gaussian; k is a parameter

of Top-time-varying; .,y is a parameter of w; = linear decreasing; bd is a parameter of

Top-hierarchical; ¢ is a parameter of Pop-incremental; and € is a parameter of PM-Euclidean

distance.
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B.2 Analysis of Convergence and Parameters Inter-

action

B.2.1 PSO-X Algorithms Convergence

Local convergence is one of the most important characteristics of high-performing
PSO implementations; it prevents issues such as swarm explosion and allows
particles to improve their initial solutions for any number of dimensions. Ac-
cording to Poli (2009) and Poli and Broomhead (2007), PSO implementations
whose inertia weight values (w1, in our case) is limited in the region defined by
5C—g(C) 5C+g(C)

<w <

48 48 ’ B.1)

where

C=p1+¢

and

g(C) = /25C2 — 672C + 2304,

are expected to exhibit a locally convergent behavior.

Using Equation B.1, we computed the lower and upper bounds of w; for the
six PSO-X implementations and the ten PSO variants. In the case of PSO-X,,
which uses the convergence-based strategy (see Table B.4), the range of w; can be
obtained by substituting 2 = 0.7192, b = 0.9051 in the following equation:

i

(1+ Di)(1+D) (B2)

i

and computing its limit when Ci — 0 A D — 0 = 0.6224, C} - 0ADi — 1 =
0.8112, C; = 1 A D! — 0 = 0.8526 and Ci — 1 A Di — 1 = 0.9263, which results
in Wiy, = 0.6224 and Wy, = 0.9263.

In the case of PSO-Xjyp, PSO-X, and PSO-X,,., where parameters ¢; and
@7 are obtained by sampling from a random uniform distribution, we consider
the expected value of these parameters, that is, 1 = E[@1in, P1max] and @z =
E[@2min, P2max]- Finally, in the case of PSO-Xj,;, PSO-X,,;, PSO-Xc,c and PSO-
Xsoc0, We take into account the influence of parameter w,, which is a value
between 0 and 1 that multiplies the acceleration coefficients in the same way as
the constriction coefficient does in PSO implementations using the constriction
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coefficient (y = 0.7298)(Clerc and Kennedy 2002). The results of our analysis of
convergence are shown in Table B.6 and Table B.7.

Table B.6: Value of the main control parameters of the PSO-X algorithms and the
lower and upper bounds for order-1 stability according to Poli’s theoretical analysis.

Algorithm ¢ @2  Poli’s lower bound w1 Poli’s upper bound
PSO-X,;  1.7067 2.2144 —0.1795 (0.6224,0.9263) 0.7922
PSO-Xpp  1.6041 1.6852 —0.0548 (0.1190, 0.1378) 0.7401
PSO-X,y 09200 1.6577 —0.2974 (0.4000, 0.9000) 0.8344
PSO-X,,,; * 1.4217 2.0510 (—0.7377,—0.4537) (0.3531,0.7095) (0.8821,0.9509)
PSO-Xce  1.8958 0.8972 —0.4425 (0.1673,0.2317) 0.8789

PSO-Xsoeo * 0.7542 1.9235 (—0.5386, —0.4129) (0.6564,0.8201) (0.8704,0.9048)

* In these algorithms, the value of the acceleration coefficients is constricted by the range of values
that wy can take, which results in two ranges (one for Poli’s lower bound and one for the upper
one) whose maximum and minimum values depend on w1, and wWiyqy-

As it can be seen in Table B.6, with the exception of PSO-X,; and PSO-
Xul, the value of the w; used by the PSO-X implementations is inside Poli’s
theoretical convergence region. This shows that the automatic design of PSO-
X with irace produces implementations that are, overall, locally convergent.
Although, in PSO-X,;, the value of w; can exceed Poli’s upper bound, it is
worth noticing that large values of w; are only expected in this algorithm at
the beginning of its execution. This is because in order to obtain a wy ~ wW1may,
it should be the case that the distance (measure in terms of solution quality)
between a particle and the global best solution is very large, which may happen
only during the initial iterations of the algorithm. In fact, as the execution of the
algorithm progresses, the value of C! tends to zero and the algorithm ends up
exhibiting a convergent behavior. A similar situation to that of PSO-X,; occurs
in the case of PSO-X,,,,;;, where large w; values are obtained only when particles
succeed often in improving their personal best position. Since it becomes harder
for particles to achieve a high success rate once they have moved to high quality
areas of the search spaces, it is expected that the value of w; decreases over
time and the algorithm exhibits a locally convergent behavior.

Data from Table B.7 shows that the majority of the PSO variants in the com-
parison are inside Poli’s theoretical convergence region, except for SPSO11,,4,
whose acceleration coefficient values are so large that computing Equation B.1
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Table B.7: Value of the main control parameters of the PSO variants and the lower
and upper bounds for order-1 stability according to Poli’s theoretical analysis.

Algorithm ¢ @2 Poli’s lower bound w1 Poli’s upper bound
ERiPSOyz  1.0250 1.0250 —0.4555 0.7213 0.8826
FiPSOy,;  2.1864 2.3156 —0.0563 0.7298 0.7407
FraPSOy4;  2.0000 2.0000 —0.1868 (0.4000, 0.9000) 0.7950
HiePSOy,y 2.1105 1.0349 —0.1081 (0.3284,0.8791) 0.7634
IncPSOy,;  1.9226 1.0582 —0.4190 0.7298 0.8722
LcRPSOy4 14962 1.4962 —0.1619 0.7298 0.7853
ResPSOy,; 1.5014 2.2955 0.1741 (0.2062, 0.6446) 0.6168
SPSO11y,; 22776 2.1222 — 0.6482 —
StaPSOy,;  2.3706 0.8914 —0.0652 0.6615 0.7448

returned imaginary bounds. In the case of FraPSO,s;, HiePSOy,y and ResPSOyyg4,
since the value of w; is linearly decreasing, it is only during the initial itera-
tions of the algorithms” execution that the upper convergence bound may be
exceeded. In particular, in the case of ResPSOy,;, the algorithm should remain
inside the convergence bound for most of its execution time, since the difference
between wy,,;, and the computed Poli’s upper bound is small. It is not clear
why the configuration process with irace returned such large values for the
acceleration coefficients of SPSO11;,;; however, according to the results of our
experiments, even with these parameter settings, the tuned version of SPSO11
was outperforming the default one.

B.2.2 Parameter Interaction

Given the large number of parameters in PSO-X compared to most PSO variants
available in the literature, framework users could be interested in obtaining
information about the sampling distribution of the parameters and the way
in which they interact with each other. We present this information using the
data gathered from the configuration process with irace. For each of the six
PSO-X algorithms, we present the histograms of the sampled configurations
and a parallel coordinate plot that depicts the interaction among the parameters
during the last iterations of the iterated racing process (see Figs. 1 to 12).
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B.3 Algorithms of the Six PSO-X Implementation
and of the Ten PSO Variants

In this section, we present in detail the algorithm of the six PSO-X implementa-
tions and of the ten PSO variants. We focus on showing how the formulation of
the generalized velocity update rule (Equation 8.4) and the algorithm template
for PSO (Algorithm 10) described in Chapter 8 can be used to instantiate these
algorithms.

Algorithm 12 Standard PSO, StaPSOy,,,

Require: Pop-constant, Top-Von Neumann, Mol-best-of-neighborhood, DNPP-rectangular, Mtx-
random diagonal, Pert;.s, = Pert,anq = none, pop = 34, wy = 0.6615, p; = 2.3706, ¢, = 0.8914.
1: INTTTIALIZE(POp-constant, Top-Von Neumann, Mol-best-of-neighborhood)
2: t+0
3: repeat
for i «+ 1 to size(swarm) do
Uiy < wi 0 + oulhy, (B — ) + gl (I} — X{)
X X+ T
end for
for i < 1 to size(swarm) do
compute f(%/)
10: update 7}
11: end for
12: 3t + best(swarm)
13: t—t+1
14: until t = ty;,,
15: return g
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Algorithm 13 PSO-X,;

Require: Pop-incremental, Init-random, Top-fully-connected, Mol-best-of-neighborhood, DNPP-
rectangular, Pert;,s,-Lévy, PM-success rate, Mtx-random diagonal, velocity clamping, pop;,; = 4,
popyiy = 20, = 8, w1 = convergence-based, a = 0.7192, b = 0.9051, w; = random, w3 = 0,
@1 = 1.7067, ¢ = 2.2144, PM = 0.438, s, = 11 and f, =40

1. INntTIALIZE(POp-incremental, Top-fully-connected, Mol-best-of-neighborhood)

2: 1+ 0

3: repeat

4: if (#successes > s.) then

5: PM « (PM-2)

6: end if

7 if (#failures > f.) then

8: PM « (PM-0.5)

9: end if
10: for i < 1 to size(swarm) do

. i, B )-f(F)
t R
. i fE)=fU)I
12 Do s
. ﬂ7C1

13: @b =1 | |
14: wy < U[0.5,1]
150 ol o ol wn (ot (L (D) PW) — 5) + gty (L, (), P) ~ 7))
16: apply velocity clamping
17: X, X+,
18: end for
19: for i + 1 to size(swarm) do
20: compute f (%)
21: update f/
22: end for
23: 3t ¢ best(swarm)
24: if (f(gt) < f(gt—l)) then
25: #successes <— #successes + 1
26: #failures < 0
27: else
28: #failures < #failures + 1
29: #successes < 0
30: end if
31: swarm <— UPDATEPOPULATION(size(swarm), ¢, Pop-incremental)
32: swarm < UppaTEToroLoGY(Top-fully-connected, Mol-best-of-neighborhood)

33: tt+1
34: until { =ty
35: return g;
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Algorithm 14 PSO-Xj,;

Require: Pop-constant, Top-Von Neumann, Mol-best-of-neighborhood, DNPP-rectangular, Pert;,s,-
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26:
27
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:

N

Lévy, PM-success rate, Mtx-random diagonal, velocity clamping, pop = 41, w1 =
adaptive based onvelocity, Wy, = 0.119, w1 = 0.1378, A = 0.608, wp, = 1.0, w3 = 0O,
AC-random, @1in = 1.0429, @1yax = 2.1653, @omin = 1.0429, @opax = 2.3275, PM = 0.5333,
s¢c =28 and f, =42
INTTIALIZE(POp-Cconstant, Top-Von Neumann, Mol-best-of-neighborhood)
t+0
repeat
if (#successes > s.) then
PM <« (PM-2)
end if
if (#failures > f.) then
PM « (PM-0.5)
end if
pideal ¢ ub_lb L+cos ("2m)

for i < 1 to size(swarm) do
_ 1 size(swarm d ij
Ut = Siyelowarm)d & ( )ijl 0|

size(swarm)-d ~i=1

if (77 > videal) then

t+1
wiy  max(wi,_q — A, Wipin)
else
wyy  min(w};_; + A, Wimax)
end if

P1t < U[q)mim q)lmux]
P2t u[(PZminr §92max]
51,1 @l ]+ guelll, (Lo, (), PM) = %) + pulll, (Lo, ((T1), PM) — %)
apply velocity clamping
X g X +0,

end for

for i < 1 to size(swarm) do
compute f (%)
update

end for

3t + best(swarm)

if (f(81) < f(8-1)) then
#successes <— #successes + 1
#failures < 0

else
#failures < #failures + 1
#successes < 0

end if

t—t+1

until t = ty,y
return g;
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Algorithm 15 PSO-X,,,,,;

Require: Pop-incremental, Init-horizontal, Top-time-varying, Mol-best-of-neighborhood, DNPP-
rectangular, Pert;,s.-Lévy, PM-success rate, Mtx-random linear, stagnation detection, x = 300,
Pop;,;i = 3, POPfiy = 50, ¢ = 2, wq = success-based, w1y = 0.4, wWimex = 0.9, wy = 1.0,
w3 = 0, AC-constant, ¢; = 0.92, o = 1.6577, PM = 0.5114, s, =2 and f. = 33

1: INtTIALIZE(POp-incremental, Top-time-varying, Mol-best-of-neighborhood)
2:t+0
3: repeat
4: if (#successes > s.) then
5: PM « (PM-2)
6: end if
7: if (#failures > f.) then
8: PM « (PM-0.5)
9: end if
10: for i + 1 to size(swarm) do
11: St 0 )
120 i £(]) < f(F,) then
13: S¢S +1
14: end if
15: W1t < Wimin + (W1max — Clﬂmin)%
16: end for
17: for i + 1 to size(swarm) do
18: 51 < wu i+ oy (Lo, (), PM) = %) + gard (Lo ((T1), PM) = %)
19: XX +7,
20: end for
21: for i < 1 to size(swarm) do
22: compute f (%)
23: update 7/
24: end for

25: apply stagnation detection
26: 3t + best(swarm)

27: if (f(§) < f(§—1)) then

28: #successes <— #successes + 1

29: #failures < 0

30: else

31: #failures < #failures + 1

32: #successes < 0

33: end if

34: swarm <— UPDATEPOPULATION(size(swarm), ¢, Pop-incremental)

35: swarm <~ UPDATETOPOLOGY(k, Top-time-varying, Mol-best-of-neighborhood)

36: t+—t+1
37: until t = t;,y
38: return g
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Algorithm 16 PSO-X,,,,;

Require: Pop-incremental, Init-random, Top-fully-connected, Mol-best-of-neighborhood, DNPP-

—_
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35:
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39:
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rectangular, Pert;,s,-Lévy, PM-success rate, Mtx-random diagonal, velocity clamping. pop;,; = 10,
POPfiy = 58, ¢ = 3, wi; = adaptive based onvelocity, wiy,in = 0.3531, Wiy = 0.7095,
A = 04832, wy = wy, AC-random, @iy = 1.4217, @10 = 2.051, @opin = 0.8626,
@omax = 14609, PM = 0.9865, s = 38 and f, =11
IntTIALIZE(POp-incremental, Top-fully-connected, Mol-best-of-neighborhood)
t<«0
repeat
if (#successes > s;) then
PM < (PM-2)
end if
if (#failures > f;) then
PM <« (PM-0.5)
end if
gideal _ ublb 1+C°S(”2m)

for i < 1 to size(swarm) do
— size(swarm) «—d ij
Ut yd Y1 i |vf

size(swarm
if (v; = vitj_efl) thgn
wiy  max(wy,_q — A, Wipin)
else '
wi; < min(wj, 1 + A, W1max)
end if
wy < wit
@1t < UP1min, P1max]
Qo < U[GDZmin/ §02max]
Tl ¢ @}y 3+ o (el (Lo (B1),PM) = 1)+ gty (L, (1), M)~ 7))
apply velocity clamping
X & X+ T
end for
for i < 1 to size(swarm) do
compute f(%/)
update 7}
end for
3t + best(swarm)
if (f(8+) < f(§t-1)) then
#successes < #successes + 1
#failures < 0
else
#failures < #failures + 1
#successes <— 0
end if
swarm <— UPDATEPOPULATION(size(swarm), ¢, Pop-incremental)
swarm < UPDATETorOLOGY(Top-fully-connected, Mol-best-of-neighborhood)
t—t+1
until t = ty,y
return g;
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Algorithm 17 PSO-X,,

Require: Pop-constant, Top-Von Neumann, Mol-best-of-neighborhood, DNPP-rectangular, Pert;,so-

26:
27:
28:
29:
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33:
34:
35:
36:
37:
38:
39:
40:
41:
42:

PN N

Lévy, PM-success rate, Pert,,nq-noisy, PM-success rate, Mtx-random diagonal. pop = 42, wq =
self-regulating, wyyin = 0.1673, wimay = 0.2317, = 0.2468, wr = random, w3 = random,
AC-random, @1 = 1.8684, @1ymax = 1.9233, @opin = 0.2802, @omax = 1.5143, PM; = 0.4837,
sc1 =29, fe1 =45, PMy = 0.8139, s = 30 and f», = 43

: INTTIALIZE(POp-constant, Top-Von Neumann, Mol-best-of-neighborhood)

t+0

: repeat

if (#successes > s.1) then

end if

if (#failures > f.1) then
PM; < (PMq-0.5)

end if

if (#successes > s.) then
PM, + (PMz -2)

end if

if (#failures > f.,) then
PM; < (PM; - 0.5)

end if

for i + 1 to size(swarm) do

if (p; = &) then
i i (wlmax_wlmin)
Wy & Wy Y Frx )
else ( )
i i _ Wimax —Wimin
Wy Wy T )
end if

wy « U[05,1], ws + U[0.5,1]
Q1 < u[(leinr qolmax]
P2t u[(PZminr (PZmax]

U Wy T W <¢1tuit(va((ﬁf)/PM1) - 555) + ¢2fuét(L7t((i;i)'PMl) -

y;)) + ws (u[—PMQ/z, PM2/2]>
ftl-&-l — X/ +z7’§+1
end for
for i + 1 to size(swarm) do
compute f(¥/)
update f/
end for
3t < best(swarm)
if (f(&§:) < f(§i-1)) then
#successes <— #successes + 1
#failures < 0
else
#failures < #failures + 1
#successes < 0
end if
t—t+1
until t = t;.y
return g;
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Algorithm 18 PSO-X;c

Require: Pop-constant, Top-ring, Mol-ranked fully informed, DNPP-rectangular, Pert;,,-
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34.
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38:
39:
40:
41:
42:

N

w

Gaussian, PM-success rate, Mtx-random diagonal, velocity clamping. pop = 19, w; =
adaptive based onvelocity, Wi,y = 0.6564, W1 = 0.8201, A = 0.2959, wy = wq, w3z = 0,
AC-constant, ¢1 = 0.7542, ¢ = 1.9235, PM = 0.8907, s = 22 and f, = 49
IntTIALIZE(POp-constant, Top-ring, Mol-ranked fully informed)
t<0
repeat
if (#successes > s.) then
PM « (PM-2)
end if
if (#failures > f.) then
PM + (PM-0.5)
end if
pideal ¢ ub_lb 1+C°S(”2m)

for i «+ 1 to size(swarm) do

— 1 ysize(swarm) g ij
Ot < size(swarm)-d Z:i:l Z:]':1 |vt
£ (77 ideal
if (¢ ‘2 v; fla) thgn

wi; < max(wi;_q — A, Wigin)
else

wllt A min(wit_1 + /\/ wlmax)
end if

Wy wit, z")'tiﬂ — (wgtﬁti), ¢y < @3 R+ raNk(I),
for k + 1 to |Ri| do
if k =1 then

Bl Bl fw (qoﬂlét (Lo (5 € R3%), P 9?[))
else
Cy < %2

Ol Tl +w (czu;'t(L% (7! € R¥K),PM) — 55;))
end if
end for
apply velocity clamping
X & X+,
end for
for i < 1 to size(swarm) do
compute f (%)
update /
end for
3t + best(swarm)
if (F(g) < f(§i-1)) then
#successes < #successes + 1, #failures < 0
else
#failures < #failures + 1, #successes < 0
end if
t—t+1
until t = .y
return g
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Algorithm 19 Enhanced rotation invariant PSO, ERiPSO4p

Require: Pop-constant, Top-fully-connected, Mol-best-of-neighborhood, DNPP-rectangular, Mtx-

24
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:

Euclidean rotation, a-adaptive, Pertj,f, = Pert,ang = none, pop = 20, w1 = 0.7213475, w;, = 1.0,
w3 = 0, AC-random, @1in = 0, P1max = 2.05, @omin = 0, P2max = 2.05, Mitx-Euclidean
rotation,;; with a-adaptive and ¢ = 30 and p = 0.01.

: INTTIALIZE(POp-constant, Top-fully-connected, Mol-best-of-neighborhood)

t+<0

: repeat

for i + 1 to size(swarm) do
irr <0
for i + 1 to size(swarm) do
if (5} < pl_,) then
irt — iTt +1
end if
end for
P1t < u[(leinr (leax]
P2t < Z{[[(PZminr (PZmax]
o= §\></gt +
Gl 0
for k + 1 to |I’| do
i (5F - )
form <+ 1to (d—1) do
forn < m+1toddo
compute [fmn]; with angle o
ﬁi’k — [an]k ﬁi’k
end for
end for

if (pf = 1) then
i i i
Up1 € Uppq T Preliy
else
=i i i
Upq € Uppq + orlly
end if
end for

6fi+l <+ wh, T
apply velocity clamping
Xiq & X 0,
end for
for i + 1 to size(swarm) do
compute f (%)
update 7/
end for
3t ¢ best(swarm)
t—t+1
until t = ty
return g;
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Algorithm 20 Fully informed PSO, FiPSOy,,4

Require: Pop-constant, Top-ring, Mol-fully informed, DNPP-rectangular, Mtx-random diagonal,

15:
16:
17:

Pert;,fo = Pertyandg = none, pop = 20, w; = wy = 0.729843788, w3 = 0, ¢; = 2.1864 and
@2 = 2.3156

INTTIALIZE(POp-Constant, Top-ring, Mol-fully informed)

t<0

P P1t¢2

repeat

for i < 1 to size(swarm) do
9

Pr < [El
U/, 1 = w0} + wyy ZZGI;' (éf’kui'k(ﬁtl - ftl))
X X +T,
end for
for i < 1 to size(swarm) do
compute f(¥/)
update p}
end for
3t < best(swarm)
t—t+1
until t = ty,y
return g;
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Algorithm 21 Frankenstein’s PSO, FraPSOyp

Require: Pop-constant, Top-time-varying, Mol-fully informed, DNPP-rectangular, Mtx-random di-

17:

18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:

agonal, Pertjhfo = Pert,ang = none, k = 60, pop = 60, wy = linear decreasing, w1y, = 0.4,
Wlmax = 0.9, tschd = 10, Wy = 0.7298, w3 = 0, P1 = 2.0 and P2 = 2.0
INTTIALIZE(POp-Constant, Top-time-varying, Mol-fully informed)

if tschd 75 0 then

tschd < tschd - POP
else

tschd < tmax
end if
t<0
P @1t @2
repeat
if (t < tgpq) then
tocnd—t
Wyt < WZ(%(wlmax — Wimin) + Wlmin)
else
W1t < W2 - Wiin
end if

for i + 1 to size(swarm) do
4

P [l
9l won + wr T (ol (Bl - 7))
T X 40,
end for
for i < 1 to size(swarm) do
compute f (%)
update 7/
end for
3t + best(swarm)
swarm < UPDATETOPOLOGY(k, Top-time-varying, Mol-fully informed)
t—t+1
until t = ty
return g




220 CHAPTER B. SUPPLEMENTARY MATERIAL FOR PSO-X

Algorithm 22 Gaussian “bare-bones” PSO, GauPSOy,,4

Require: Pop-constant, Top-time-varying, Mol-random informant, DNPP-Gaussian, Pert;,so =

1:
2:
3:

15:
16:
17:

Pert,3nd = none, k = 150 pop = 30, w1 =0, wp = 1.0 and w3 =0
IntTIALIZE(POp-Cconstant, Top-time-varying, Mol-random informant)
t+0
repeat
for i < 1 to size(swarm) do
select random k from I’
=i =i PitPf | 5i 5k '
Uiy < wuly + N(H5 [ =Pl — X
T < X 40,
end for
for i «+ 1 to size(swarm) do
compute f (%)
update p}
end for
3t + best(swarm)
swarm < UPDATETOPOLOGY(k, Top-time-varying, Mol-fully informed)
t—t+1
until t = ty,y
return g;

Algorithm 23 Hierarchical PSO, HiePSOy,,;

Require: Pop-constant, Top-hierarchical, Mol-best-of-neighborhood, DNPP-rectangular, Mtx-random

10:
11:
12:
13:
14:
15:
16:
17:

RN @

diagonal, Pert; s = Pert,ang = none, bd = 2, pop = 114, wy = linear increasing, Wy, =
0.3284, w1ipmax = 0.8791, wp = 1.0, w3 =0, 1 = 2.1105 and ¢, = 1.0349
IntTTALIZE(POp-constant, Top-hierarchical, Mol-best-of-neighborhood)
t+0
repeat
W1t 4 Wimin — (Wimin — (Ulmax)ﬁ
for i + 1 to size(swarm) do
U1 < wu i + ouly (Bf — %) + gally (I — %)
X[ < X +T,
end for
for i < 1 to size(swarm) do
compute f(%/)
update 7}
end for
3t + best(swarm)
swarm < UprpaTEToroLoGy(bd, Top-hierarchical, Mol-best-of-neighborhood)
t—t+1
until t = .y
return g
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Algorithm 24 Incremental PSO, IncPSOy,,4

Require: Pop-incremental, Init-horizontal Top-time-varying, Mol-best-of-neighborhood, DNPP-

10:
11:
12:
13:
14:
15:
16:
17:

RN AN L o ol

rectangular, Mtx-random diagonal, Pertj,s = Pert,ang = none, k¥ = 2360, pop;,i = 5,
Popfiy = 295, & =10, w1 = wp = 0.729843788, w3 = 0, ¢1 = 1.9226 and ¢, = 1.0582
IntTTALIZE(POp-incremental, Top-time-varying, Mol-best-of-neighborhood)
t+0
repeat
for i < 1 to size(swarm) do
O wn 0]+ (@l (] - %) + o2l (I — %))
Xijq < X 400,
end for
for i + 1 to size(swarm) do
compute f (%)
update f/
end for
3t ¢ best(swarm)
swarm <— UPDATEPOPULATION(size(swarm), ¢, Pop-incremental)
swarm < UPDATETOPOLOGY(k, Top-hierarchical, Mol-best-of-neighborhood)
t—t+1
until t = t.y
return g;
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Algorithm 25 Locally convergent rotation invariant PSO, LcRPSO 45

Require: Pop-constant, Top-fully-connected, Mol-best-of-neighborhood, DNPP-rectangular, Mtx-
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26:
27:
28:
29:
30:
31:

N

random linear, Pert;,s,-Gaussian, PM-Euclidean distance, Pert,;,qy = none, pop = d, wy = 0.7298,
AC-random, @1,in = 0, @1max = 1.4962, @opin = 0, Pamax = 1.4962 and € = 0.46461/d°7°,
INTTIALIZE(POp-Cconstant, Top-fully-connected, Mol-best-of-neighborhood)
t+0
repeat
fori < 1 to size(swarm) do
PM!, + 1.0
PM%, 1.0
end for
for i <— 1 to size(swarm) do
if (¥} :'1ﬁtl) then 3
PMy" e PMy
else
1 ErEE—
PM{" e /EL, (57— 57)?
end if
if (¥ = I/) then
PM? + e-PM/?,
else
» i
PM2 ¢ e /X, (7~ T}7)2
end if
@1t < U[P1min, P1max]
Qo < U[@zmm, §02max] . .
0l i) + gurt, (N (B PME) — ) + garrdy (N (I}, PMP?) — %)
T X 40,
end for
for i < 1 to size(swarm) do
compute f(X/)
update p/
end for
3t + best(swarm)
t—t+1
until t = .y
return g
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Algorithm 26 Restart PSO, ResPSOy,,4

Require: Pop-constant, Top-ring, Mol-fully informed, DNPP-rectangular, Mtx-random diagonal,

16:
17:
18:

O RN SR

Pert; o = Pertiang = none, pop = 10, w1 = linear decreasing, wi;in = 0.2062, w15 = 0.6446,
wy = 1.0, 91 = 1.5014, ¢, = 2.2955
INTTIALIZE(POp-Cconstant, Top-ring, Mol-fully informed)
t+0
repeat
for i < 1 to size(swarm) do
W1t < Wimin — (wlmin - wlmax)ﬁ
31 ¢ w0+ iUy (5 — %) + gallly (T — 7))
apply velocity clamping
N
end for
for i + 1 to size(swarm) do
compute f (%)
update f/
end for
apply particles reinitialization
3t < best(swarm)
t—t+1
until t = t.y
return g;

Algorithm 27 Standard PSO 2011, SPSO11,,,4

Require: Pop-constant, Top-time-varying, Mol-best-of-neighborhood, DNPP-spherical, Mtx-random

1:
2:
3:

17:
18:
19:

diagonal, Pertj,f, = Pert;ang = none, x = 1085, pop = 155, wy = 0.6482, wr = 1.0, ¢1 = 2.2776,
@y = 2.1222
INTTIALIZE(POp-Cconstant, Top-time-varying, Mol-best-of-neighborhood)
t+0
repeat
for i+ 1to size(swarm) do
Bj ¥ + gy Ut (p} - %))
L %} + o2 Uf (I} - %))
E.t, - ff+f§+13ti
U/ « w0} + Hi (e}, |cf — X}|) — %}
Xiq < X 40,
end for
for i + 1 to size(swarm) do
compute f (%)
update f/
end for
3t ¢ best(swarm)
swarm < UPDATETOPOLOGY(k, Top-time-varying, Mol-best-of-neighborhood)
t—t+1
until t = £,y
return g;
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B.4 Distribution of the Results Obtained by the 16
Compared PSO Algorithms.

In this section, we report the results of the 16 PSO algorithms using box-plots.
Each box-plot shows the distribution of the results obtained by executing each
algorithm 50 times on each function. We present a total 90 box-plots, the first 50
correspond to the results obtained on the version of the functions with d = 50,
and the remaining 40 to the results obtained on the version with 4 = 100.
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B.4. BOXPLOTS OF THE 16 COMPARED PSO ALGORITHMS
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B.5 Convergence Plots of the 16 Compared PSO Al-

gorithms

In this section, we report the convergence plots of the 16 PSO algorithms. Each

of this plots shows the relation between the best solution quality and the number

of function evaluations used by the algorithms. In all cases, the algorithm was

stopped when it reached 5000-d function evaluations. We present a total of 90

plots: the first 50 correspond to the functions with d = 50 and the remaining 40
to those with d = 100.

obijective function value

objective function value

objective function value

50 dimensions

11.d50

—— ERiPSO4
---- FinPSOyg

FraPSOg

GauPSOyg
HiePSOpg
- IncPSOpg
LcRPSOy
PSO-Xa
PSO-Xeee
- PSOXyp
PSO-Xy

1e+03

1e+00

PSO-Xs000
PSO-Xyi

-~ ResPSOyg
SPSO11pg
StaPSOpg

1e-03

1e-08

1e+01 1402 1e+03 1e+04 1e+05

function evaluations

(f1) Shifted Sphere - SOCO’10

13 d50

ERiPSOg
-~ FinPSOypg
FraPSOg

o A RS

GauPSOyg
HiePSOyg
- INCPSOpy

LcRPSO

1e+10

16408 PSOXy
coveees PSO Ko
- PSOXys

PSOXny
1e+06 PSOXgeo
PSOXyi
-~ ResPSOyg

\ L SPSO11pg
A= S$taPSOpg

1e+04

1e+01 1e+02 1e+03 1e+04

function evaluations

(f3) Shifted Rotated Bent Cigar - CEC’14

S — —— ERPSO
16402 == WA“."_\.{;&-\@{.:_-. ool FiNPSOu
" FraPSOg
------ GauPSOyg
1e+00 HiePSOpg
- IncPSOpg
1e-02
1e-04
-~ ResPSOyg
SPSO11pg
1e-06 S$taPSOyg
1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f5) Shifted Schwefel 22.1 - SOCO’10

objective function value

2d50
ERIPSOg;

- FinPSOpg
S FraPSOg
GauPSOyg
HiePSOyg
- IncPSOypy
LcRPSO4
PSO-Xy
PSOXeee
- PSOXy,
PSOXpy
= PSOXs0e0
N PSOXyi
-~ ResPSOyg
SPSO11,0g
$taPSOyg

110 Joenrrrs
1e+09 -
1e+08 1

16407 1

1e+06 1

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f2) Shifted Rotated High Conditioned
Elliptic-CEC'14

objective function value

objective function value

14.d50
ERIPSOg;

- FinPSOps
FraPSOg
GauPSOyg
HiePSOyg
- IncPSOypy
LcRPSO41

1e+09

16407 1
[ PSO-Xy
eeres PSOXese
- PSOXys
PSO-Xpy
- PSOXeeo
PSO-Xyi
-~ ResPSOyg
SPSO11,0g
$taPSOpg

1e+05 |

1e+03 1

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(fs) Shifted Rotated Discus - CEC'14

16 d50

—— ERiPSOg
-=-= FinPSOyq
FraPSOg
- GauPSOypy
HiePSOyg
- IncPSOyy
LcRPSO41
| PSO-Xy
o PSOXege
PSOXos
PSOXmy
PSOXeeo
PSOXyi
-~ ResPSOyg
SPSO11,0g
$taPSOyg

1e+03

1e+00

1e-03

1e-06

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f6) Rotated Schwefel 1.2 - SOCO’10



B.5. CONVERGENCE PLOTS OF THE 16 COMPARED PSO ALGORITHMS 237

17 d50 8ds50

ERiPSOgy . —— ERiPSOy
1e+06 FinPSOyg FinPSOypq
serts FraPSOy Tes28 FraPSOy
GauPSOpg GauPSOyy
3 HiePSOy ] HiePSOy
g 20405 INcPSO1pg T o418 INcPSOyg
S 1es05 LeRPSO s LCRPSO
ki PSO-Xy B PSO-Xa
5 Se:04 - PSOXes: R PSOXese
o PSOX, g 110 PSOXyo
g roxs & o

g - PSOXaeo 9 - PSO
S tests PSOX,y 8 fest2 PSOX,
5403 ResPSOpg ResPSOuy
SPSO fg SPSOf Ty
20403 - . StaPSOpg 1606 . StaPSOpg

1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(f7) Shifted Scfewels12 noise in fitness - (fg) Shifted Schwefel 2.22 - SOCO’10
CEC’05

ERIPSO, f10¢50 ERIPSO,
iPSOg iPSOg
5000 FinPSOug FinPSOyg
FraPSOgy FraPSOg
100.0 GauPSOypy 16402 GauPSOyy
S 50 HiePSOyg E HiePSOyg
g - IncPSOpg g - IncPSOpg
g LeRPSOs 5 1e:00 LeRPSO
3 100 PSOXy 3 PSOXy
5 50 - PSOXeee 5 PSOXee:
® PSOXiys 2 te PSOXys
5 0 PSOXpy 5 PSO-Xny
s M - PSOXgeo 3 e PSOXeeo
c 05 PSOXyy S oot PSOX,y
‘\ ---- ResPSOyg ---- ResPSOyg
01 SPSO1 11 SPSOT11ps
StaPSOpg 16-06 S$taPSOig
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations
. y . ’
(fo) Shifted Extended - SOCO’10 (f10) Shifted Bohachevsky - SOCO’10
11d50 y f12d50
J— B —— ERPSO4 . —— ERPSOy
. -~ FinPSOug o coves. FinPSOppg
FraPSOgy Z - FraPSOg
100.0 --e=- GaUPSOyy Te+03 GauPSOpg
S 50 HiePSOyg E HiePSOyg
g - INcPSOypg g IncPSOpg
s LeRPSOs s LeRPSO
5 100 PSO-Xa T 1e+00 PSO-Xa
5 50 - PSOXeee 5 PSOXee:
® - PSOXyys e PSOXys
g 10 PSOXy 5 POy
- - PSOXeoep 3 1e03 PSOXeseo
° - PSO-Xyi ° PSOXyi
\ ==~ ResPSOu ---- ResPSOyy
o \ SPSOH g SPSO1,g
\ S1aPSOp 1606 S1aPSOyg
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 16403 1e+04 1e+05
function evaluations function evaluations
. ’ .
(f11) Shifted Schaffer - CEC’05 (f12) Shchwefel 2.6 Global Optimum on
’
Bounds - CEC’05
13d50 14.d50
S —— ERiPSOg —— ERiPSOs
FinPSOyg FinPSOyy
- FraPSOgy FraPSOg
1e+00 --- GauPSOyy GauPSOyy
E HiePSOpg 3 HiePSOypyg
g -~ IncPSOyy g - IncPSOpg
5 LeRPSO4 5 LcRPSOg
T fe02 PSOXy 5 PSOXy
5 H PSOXeec
o 9 PSOXys
_§ -§ PSOXmy
T le04 5 = PSOXsoeo
° ° PSOX,s
---- ResPSOy, ResPSOy
SPSO111ps SPSO11ips
1006 i i S1aPSOy i S1aPSOyg
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(f13) Shifted Ackley - SOCO’10 (f14) Shifted Rotated Ackley - CEC’14



238 CHAPTER B. SUPPLEMENTARY MATERIAL FOR PSO-X

15.d50 116 d50
ERPSOg ERPSO
FinPSOpg Te:05 1 FinPSOpg
16410 - FraPSOg; 5e+04 FraPSOg
GauPSOyg GauPSOpg
E HiePSOpg 3 HiePSOyg
S fens -+ IncPSOpy S fesd IncPSOyg
5 LeRPSOs 5 seud LeRPSO
g H PSOX
5 H PSOXeee
2 Te:08 ° PSO-Xeys
2 2 les03
H = PSOXpy
8 8 seut2 PSOX e
8 les04 ° PSOXyy
ResPSOyg
1e+02 SPSO114
Te2 S1aPSOp 5601 $1aPSOy
1e+01 Te+02 1e+03 1e+04 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations
: 4 : 7
(f15) Shifted Rosenbrock - SOCO’10 (f16) Shifted Rotated Rosenbrock - CEC’'14
17 d50 118d50
ERPSOg —— ERPSOs
FinPSOypg -~~~ FinPSOpg
- FraPSOs
foit2 GaLPSOyg Tes02
E HiePSOpg 3
g - IncPSO, g
g i g
5 1e+00 LoRPSOy g 1e+00
3 3
g 2
32 H
g tew o fel2
H 3
L 9
3 3
°  fe04 ° fe04
---- ResPSOyy ---- ResPSOyy
SPSO11ipg SPSO11yg
1006 StaPS0pg 1006 $taPSOpg
1e+01 Te+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations
. . , . . ,
(f17) Shifted Griewank - SOCO’10 (f1s) Shifted Rotated Griewank - CEC’14
119 d50 120 d50 )
—— ERPSO —— ERPSOs
FinPSOypg -~~~ FinPSOpg
- FraPSOs FaPSOg
GauPSOyg 1000 - ————==—Exo T O e GauPSOyg
ER HiePSOpg 3 HiePSOypg
g 5603 IncPSOyg - N IncPSOg
5 ¢ LeRPSOy1 5 LeRPSOg
H 2 PSOXs
5 ted e i
2 Ses2 g <o PSOXy
8 g S === PSOXpy
k) g - PSOX,
S e 8  psox;,
56401 ResPSOpg 200 \. ---- ResPSOug
SPSO11 \ SPSO111
StaPSOyg AN $taPSOpg
1e+01 Te+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations
. .. , . .. ,
(f19) Shifted Rastrigin - SOCO’10 (f20) Shifted Rotated Rastrigin - CEC'14
21 d50 ’ 122d50 )
—— ERPSO ERPSO
40000 FinPSOyq 40000 FinPSOy
FraPSOg FraPSOg
GauPSOyy 38000 GauPSOyy
3 5000 HiePSOug 3 HiePSOps
g IncPSOg S 36000 INcPSOyg
5 5 LeRPSO
g S 34000 PSOXy
230000 3 o PSOXeee
0 ° - PSOX,,
2 2 32000 PO
g 3 “Amd
k) s - PSOXeser
° S 30000 PSOX,s
ResPSO,
25000 od
SPSO11y
$1aPSOy 26000 $1aPSO

1e+01 1e+02 1e+03 16404 1e+01 1e+02 16403 1e+04 16405

function evaluations function evaluations

(f21) Shifted Schwefel - SOCO’10 (f22) Shifted Rotated Schwefel - CEC'14
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123 50

objective function value

ERiPSOg1
FinPSOypg
FraPSOgy
GauPSOyg
HiePSOyg
- IncPSOpg
LcRPSO4
PSOXy
=+ PSOXeee
PSOXoys
PSOXpy
- PSOXeger
PSOXyy
ResPSOypg
SPSO11ng
StaPSOyg

1e+01 1e+02 1e+03

function evaluations

1e+04

(f23) Shifted Rotated WeierStrass - CEC’05

125 d50

objective function value

—— ERiPSOg
---- FinPSOygy
- FraPSOgy
GauPSOyy
HiePSOyg
IncPSOyg
LeRPSO4
PSOXy
+ PSOXeee
PSOXoys
PSOXpy
- PSOXeger
PSOXyy
ResPSOyg
SPSO11ng
StaPSOyg

1e+01 16402 1e+03

function evaluations

1e+04

(f25) Shifted Rotated HappyCat - CEC'14

127 ds0

1e405

1e+04

1e+03

objective function value

16402

1e+01

—— ERiPSO4
---- FinPSOygy
FraPSOgy
------ GauPSOyy
HiePSOpg
------ IncPSOyg
LeRPSO4
PSO-Xa
+ PSOXeee
PSOXoys
PSOXpy
- PSOXee0
PSOXyy
ResPSOyg
SPSO11ng
i StaPSOyg

1e+01 16402 1e+03

function evaluations

1e+04

(f27) Hybrid Function 1 (N = 2) - SOCO’10

129 d50

objective function value

20

ERIPSOg1
FinPSOpg
FraPSOg
GauPSOyg
HiePSOyg
IncPSOyg
LcRPSO4
PSOXy

- PSO-Xeec
PSOXys
PSOKpy
- PSOKygep
PSOXi
ResPSOyg
SPSOg

1e+01 16402 1e+03

function evaluations

1e+04

StaPSOyg
1e+05

(f20) Hybrid Function 3 (N = 2) - SOCO’10

239

24 d50

ERiPSOg
FinPSOypg
500 1 FraPSOy
GauPSOyy
3 20 HiePSOyg
g = IncPSOg
s 1w LoRPSOy
5 0% PSOX
s oo PSOXege
R - PSOXy,
g ) PSOXmy
2 of0 - PSOXers
° PSOXyi
0.05 ResPSOyg
N SPSO11yng
002 - $taPSOps

1e+01 1e+02 16403 1e+04 1e+05

function evaluations

(f24) Shifted Rotated Katsuura - CEC'14

26 d50
ERiPSOg
500.0 FinPSOyy
FraPSOg
200.0 GauPSOyg
S 1000 HiePSOg
g 500 IncPSO,g
5 : LcRPSOg
5 a0 PSOXy
2 PSOXeee
g 100 PSOXne
5 50 PSOXny
5, - PSOXeeo
g 0 PSOX,r
1.0 ResPSOpg
05 SPSO1g
S$taPSOig
1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations
. s
(f26) Shifted Rotated HGBat - CEC’14
128 d50
ERiPSOg
FinPSOpg
1e+10 FraPSOg
GauPSOyy
3 HiePSOpyg
T - IncPSO,
> 1e+08 hnd
5 LeAPSOy
H PSO-Xy
2 PSOXeee
o 1e+06 PSOXyys
g PSO-Xpy
2 -~ PSOXeey
5
S fesdd PSO-Xysi
ResPSOyg
SPSO11g
1e+02 § - S$taPSOig
1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations

(f28) Hybrid Function 2 (N = 2) - SOCO’10

130 d50

—— ERiPSOy
FinPSOpq
FraPSOg
GauPSOyy
HiePSOpg
- IncPSOyy
LcRPSOgy
PSO-Xy
PSOXee
PSO-Xsyp
PSO-Xpy
= PSOXeoeo
PSO-Xyyi
ResPSOyg
SPSO11g
1606 StaPSOpg

1e+01 1e+02 16403 1e+04 1e+05

fe+18 1

fe+12

1406

objective function value

1e+00

function evaluations

(f30) Hybrid Function 4 (N = 2) - SOCO’10
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131 d50 £RPSO
PSOgn

Tesd5 FiPSOpg
5e+04 - FraPSOy,
GauPSOpg

HiePSOy

1e+04 IncPSOyg
50403 LcRPSOy

16403
5e+02

objective function value

1e+02
Se+01

S$taPSOpg

1e+01 1e+02 1e+03 1e+04

function evaluations

(f31) Hybrid Function 7 (N = 2) - SOCO’10

133 d50

ERiPSOg
FinPSOpg
- FraPSOg
GauPSOyg

objective function value

ResPSOyg
\ SPSO11ng
S$taPSOpg

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f33) Hybrid Function 9 (N = 2) - SOCO’10

135 d50

—— ERiPSO4
FilPSOyg
-+ FraPSOgy
GauPSOyg
HiePSOng
IncPSOyg
LcRPSOy
PSO-Xa
=+ PSOXeee
PSOXyys
PSOXny
= PSOXsoco
PSOXyi
ResPSOpg
SPSO11ipg
StaPSOpg

16405

5e+04

objective function value

2e+04

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f35) Hybrid Function 1 (N = 3) - CEC'14

137 d50
—— ERIPSO4
% FinPSOyg
FraPSOg
N 80 GauPSOyg
El HiePSOyg
E n IncPSOyg
2
g
2 60
H
kil
3
g 50
StaPSOpg

1e+01 1e+02 1e+03 16404

function evaluations

(f37) Hybrid Function 3 (N = 4) - CEC'14
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132d50

ERPSO
FinPSOpg

1e+10

1e+08

1e+06

objective function value

1e+04

ResPSOyg
SPSO11,0g
$taPSOpg

1e+02

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f32) Hybrid Function 8 (N = 2) - SOCO’10

134 d50
—— ERiPSOg
16406 -~ FinPSOps
. .
T le:03
K
c
S
g
2 1e+00
g
°
L}
8 el
---- ResPSOyy
SPSO11,pg
1606 $1aPSOy
1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations

(f34) Hybrid Function 10 (N = 2) - SOCO’10

136 d50

ERiPSOg
FinPSOypg
FraPSOg
GauPSOyg
HiePSOg
IncPSOypg
LcRPSOg
PSO-Xy

wr PSOXege
- PSOXys
PSOXy
- PSOXeoeo
PSO-Xyi

ResPSOyg
SPSO11,0g
S$taPSOyg

1e+10

1e+09

1e+08

1e+07

objective function value

1e+06

1e+01 1e+02 1403 1e+04 1e+05

function evaluations

(f36) Hybrid Function 2 (N = 3) - CEC'14

138 ds0 §
ERiPSOg
FinPSOyg
FraPSOg
GauPSOyg
HiePSOpg
IncPSOyrg
LcRPSOg
PSO-Xy
wenee PSOXeee
- PSOXyyp
PSO-Xny
- PSOXeoeo
PSO-X i
ResPSOyg
SPSO1 11y
$taPSOyg

te+t0

1e+09

1e+08

1e+07

objective function value

1e+06

1e+01 1e+02 16403

1e+04 16405

function evaluations

(f38) Hybrid Function 4 (N = 4) - CEC'14
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139 d50 140 d50

ERPSOg, 10000 ERPSO

FinPSOyg FinPSOypq

fes0S FizPSOz 5000 FraPSOg
GauPSOyq GauPSOy

3 HiePSOpg El HiePSOps
g led In¢PSOpg S 1000 = IncPSOpg
5 LcRPSOy 5 LeRPSO1
H PSOXa g 50 PSOXy
5 fes03 - PSOXeee 5 PSOXege
o PSOXyys ° PSOXyyp
5 PSO Xy 3 100 PSOXpy
S tes2 - PSOXseeo Y - PSOXseeo
o PSOXyy CAEY PSOX,y
ResPSOyg ResPSOyg

1e401 SPSO g POy

. . StaPSOyg 10 StaPSOyg

1e+01 1e+02 16403 1e+04 1e+05 1e:01 1e+02 16:03 Te+04 16405
function evaluations function evaluations

(f39) Hybrid Function 5 (N = 5) - CEC'14 (fa0) Hybrid Function 6 (N = 5) - CEC'14

41450 £RPSO 142 d50 ERPSO
iPSOgn HPSOg
1400 FinPSOpg FinPSOpg
1200 FraPSOg FraPSOq
GauPSOys 1000 GauPSOyg
S 1000 HiePSOpg El HiePSOyg
g - IncPSOyg g = IncPSOg
s 80 LcRPSOy 5 LeRPSOy;
H PSOXy H 500 PSOXy
ER ) - PSOXeee 5 PSOXeec
o PSOXays 0 PSOX,
2 W 2 Wb
3 PSOXy H PSOXpy
g e 8 om CRoc
ResPSOyg ResPSOyg
SPSO g SPSO 1y
$taPSOyq StaPSOyg

1e+01 1e+02 16403 1e+04 1e405 1e:01 1e+02 1e:03 1e+04 16405

function evaluations function evaluations

(fa1) Hybrid Composition Function - CEC’05 (f4p) Rotated Hybrid Composition Function -
CEC’05

143 d50 144 d50
ERiPSOg1 —— ERiPSOg
1500 FinPSOypg FinPSOypg
FraPSOy, 1500 FraPSOy
GauPSOyg GauPSOyy
ER HePSO,s 3 1400 HiePSOps
g IncPSOyg g IncPSOpg
5 LeRPSOg g 130 LeRPSOg
£ 2 PSOXy
E é 1200 PSOXees
2 500 2 g
§ § 1100 PSOXmy
2 2 PSOXees
° ° PSOX,s
1000 ResPSOg
SPSO1 g
i i S1aPSOy i S1aPSOypg
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(fa3) Rotated H. Composition F. with Noise (f44) Rotated Hybrid Composition F. - CEC'05
in Fitness - CEC'05

145 d50 146 d50

—— ERiPSO4 —— ERiPSOy

FinPSOyg A FinPSOyq

1500 FraPSOg, 1500 FraPSOg
GauPSOyy GauPSOyy

g 1400 HiePSOyg g 1400 HiePSOpg
g IncPSOyg g IncPSO,g
c 1300 LoRPSOg g 130 LeRPSOg
] 0-Xay 3 PSO-Xy
5 120 5 1200 PSOXeer
o o PSOXy
31100 51100 E:g'xmu\
g ko Koo
° ° PSOX,
1000 1000 ResPSOpg
SPSOf Ty

) ) $taPSOypg ) ) $taPSOpg

1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(fa5) Rotated H. Composition F. with a Nar- (fs5) Rotated H. Comp. E. with the Global
row Basin for the Global Opt. - CEC’05 Opt. On the Bounds - CEC’05
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147 d50 148 d50

ERiPSOg P —— ERiPSOg

1600 FinPSOyg 00 \\ -~ FinPSOyg

- FraPSOg 3000 1\ FraPSOg
GauPSOyg S GauPSOyg

g 1400 HiePSOyg S 00 \ HiePSOyg
g = IncPSOpg S E=z=SsO e IncPSOyg
5 LcRPSO4 5 LcRPSO41
g 10 PSOXy g 200 PSOXy
5 - PSOXes: 5 PSOXea:
9 'SO-Xnyb Q PSO-Xpy
21000 50Ky 2 1500 PSOXpy
2 PO B PSOXoeey
° PSOX,q ° PSOX,s
ResPSOg N ---- ResPSOpg
800 SPSO1 1y 1000 Wsme=ee | POl
StaPSOpg S i StaPSOpg
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(f47) Rotated Hybrid Composition Function - (fs53) Rotated H. Comp. F. with High Condi-
CEC’05 tion Number Matrix - CEC’05

149 d50

ERiPSOg ERiPSOg

1600 FinPSOypg FinPSOyg
FraPSOg FraPSOg
GauPSOyg - GauPSOyy

S 1400 HiePSOpg 3 HiePSOypg
g -+ IncPSOyy g - IncPSOpg
5 LcRPSOy s LcRPSOg
T 1200 PSO-Xa S PSO-Xy
5 - PSOXes: 5 PSOXee:
o - PSOXyyp 9 PSOXys
3 PSO-Xpy g PSOXoy
g mw - PSOXoeo g PSOXer
° PSOX,q ° PSOX,s
ResPSOp ResPSOy

SPSO11ipg SPSO11y

800 S1aPSOy $1aPSOy

1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations

(fa9) Non-Continuous Rotated Hybrid Com- (f59) Rotated Hybrid Composition Function -
position Function - CEC’05 CEC’05
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objective function value

objective function value

objective function value

objective function value

100 dimensions

1d100

— ERIPSO4
==== FinPSOyy
FraPSOg;
=+- GauPSOyg
HiePSOyg
—- IncPSOypg
LcRPSO
PSO-Xay
- PSOXeee
- PSOXiyp
PSOKXpy
+ PSO-Xseo
PSOXyy
-~~~ ResPSOypy
SPSO11g
S$taPSOpg

16403

1e+00

1e-03

1e-06

1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations

(f1) Shifted Sphere - SOCO’10

13d100

—— ERiPSO4
---- FinPSOygy
FraPSOgy
GauPSOypg
HiePSOyg
- IncPSOpy
LcRPSO4
PSOXy

1e+10

1e+08

1e+08

------ PSOXsees

PSO-Xyi

---- ResPSOy,
SPSO11ng
StaPSOpg

1e+04

1e+01 1e+02 1e+03

function evaluations

(f3) Shifted Rotated Bent Cigar - CEC'14

1e+04

15 d100

N —— ERPSO
1e+02 -~ FinPSOypg
5e+01 FraPSOg
------ GauPSOyy

HiePSOypy

1e+01 IncPSOg
5e+00 LcRPSO4
PSO-Xy

PSO-Xeee

1e+00 - PSOXys
5e01 PSOXu
PSO-Xsoeo

1e-01 PSOXsi
g -~ ResPSOyg
Se02 SPSO11ng
. | StaPSOyg

1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations
: ’
(f5) Shifted Schwefel 22.1 - SOCO’10
f7d100

ERiPSOg1

FinPSOypg

206 FraPSOs
GauPSOyg

1e+06 HiePSOpg
IncPSOyg

56405 LeRPSO
PSO-Xy

PSO-Xeee

2405 PSOX s
PSO-Xny

1e+05 - PSOXegen
PSO-X,ri

Se+04 ResPSOyg
SPSO11ng

StaPSOyg

1e+01 1e+02 1e+03

function evaluations

1e+04 1e+05

(f7) Shifted Scfewels12 noise in fitness -
CEC’05

objective function value

2d100

1e+10
5e+09

1e+09
5e+08

1e+08
5e+07

1e+07
5e+06

1e+01 16402 16403 1e+04 1e+05

function evaluations
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ERIPSO
FinPSOypq
FraPSOg,
GauPSOyg
HiePSOyg
IncPSOyg
LcRPSO
PSO-Xy

ResPSOyg
SPSO11y
StaPSOg

(f2) Shifted Rotated High Conditioned
Elliptic-CEC'14

objective function value

objective function value

objective function value

14d100

1e+08 -
fesd?
1e+06
1405
Te+04
1e+01 1e+02 16403 1e+04 1e+05
function evaluations

(fs) Shifted Rotated Discus - CEC'14

16 d100

1405
1e+03
1e+01
1e-01
1e-03
1e+01 1e+02 16403 1e+04 1e+05
function evaluations

(f6) Rotated Schwefel 1.2 - SOCO’10

18d100

1e+42

1e+30

fe+18
1e+08
1e-06
1e+01 16402 16403 1e+04 1e+05
function evaluations

(fg) Shifted Schwefel 2.22 - SOCO’10

ERiPSOg
FinPSOypg
FraPSOg
GauPSOypy
HiePSOyg
IncPSOyg
LcRPSOg
PSO-Xy
PSO-Xeee
PSOXpe
PSOXpy

- PSOXo

PSOXyi

ResPSOyg
SPSO11yng
S$taPSOig

ERiPSOg
FinPSOypg
FraPSOg
GauPSOyy
HiePSOyg

- IncPSOyg

LeRPSO
PSOXy
PSOXese
PSOXys
PSOKpy

S$taPSOig

ERiPSOg
FinPSOypg
FraPSOg
GauPSOypy
HiePSOyg
IncPSOyg
LcRPSOg
PSO-Xa

S$taPSOig
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19.d100 110d100
— —— ERiPSO4 .

1000 S T il

500

ERPSO
FinPSOpg
FraPSOg
GauPSOyg
HiePSOyg
IncPSOypg
LcRPSOg
PSO-Xy
PSOXee:
PSO-Xsys
PSOXpy
- PSOXsoeo
PSOXyy

1e+03

1e+01

obijective function value
objective function value

PSOX,y
-~~~ ResPSOpg ResPSOy
SPSO111pg 10t 3 SPSO
StaPSOyg < = StaPSOyy

1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 16402 1e+03 1e+04 1e+05

function evaluations function evaluations

(fo) Shifted Extended - SOCO’10 (f10) Shifted Bohachevsky - SOCO10

114100 112d100
—— ERIPSOy, _ —— ERPSO4
16405 S FinPSOyy
FraPSOg
GauPSOyg
HiePSOy
IncPSOypg
LeRPSOg
PSO-Xy
PSOXeer
PSOXuys
PSOXpy
= PSOXsoco
PSOXyy
ResPSOyy
| SPSO
2 \ $PSOpe fesdt S(aPSO,.
1e401 1e402 1e403 Te+04 18405 1e+01 Tes02 1e+03 1e+04 1e+05

function evaluations function evaluations

(f11) Shifted Schaffer - CEC’05 (f12) Shchwefel 2.6 Global Optimum on
Bounds - CEC’05

1000 7=
500

1e+04

1e+03

1e+02

obijective function value
objective function value

13d100 f14d100
— S— —— ERIPSO4 —— ERIPSOg
X FinPSOpg
FraPSOg
GauPSOg
HiePSOyg
- IncPSOypg
LcRPSO41
PSO-Xy
PSO-Xeee
PSOXps
PSOXy
-~ PSOXeoeo
PSOXyi
ResPSOyg
SPSO11,0g

1e+00

1e-02

1e-04

objective function value
objective function value

---- ResPSOyg
SPSO11pg
1006 S1aPSOp $1aPSOy

1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations function evaluations

(f13) Shifted Ackley - SOCO’10 (f14) Shifted Rotated Ackley - CEC’14

#15d100 16d100
—— ERiPSOs
-=-= FinPSOyg

-+ FraPSOgy

ERiPSOg
FinPSOpg
FraPSOg
GauPSOyg
HiePSOyg
IncPSOypg
LcRPSOg1
PSO-Xy
PSO-Xeee
PSOXy
PSOXmy
= PSO0Xso00
PSOXyi
ResPSOyg
SPSO11,0g
S$taPSOpg

e+11
1e+05

5e+04
16409

1e+04
16407 50403

16405 1e+03

5e+02

objective function value
objective function value

1e+03 SPSO1 g
- StaPSOyg 1e402
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05

function evaluations function evaluations

(f15) Shifted Rosenbrock - SOCO’10 (f16) Shifted Rotated Rosenbrock - CEC’'14
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17 d100 18d100

ERIPSOs e —— —— ERPSOs
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5 tes00 LcRPSOy 5 1es00
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SPSO11ips SPSO1 g
1006 StaPS0yg 1606 POy
1e+01 1e+02 1e+03 1e+04 1e+05 1e+01 1e+02 1e+03 1e+04 1e+05
function evaluations function evaluations
. . , . . P
(f17) Shifted Griewank - SOCO’10 (f1s) Shifted Rotated Griewank - CEC’14
119100 ; 120 4100
. ERPSOg: . —— ERPSOs
FinPSOpg 2500 -=-~ FinPSOyq
1e+05 FraPSOg FraPSOy
Se+04 GauPSOypg 2000 1 T IER®RG N, e GauPSOyg
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