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ABSTRACT

Vasileios A. Tatsis, Ph.D., Department of Computer Science and Engineering, Univer-
sity of loannina, Greece, March 2019.
Online Parameter Adaptation Methods for Population-Based Metaheuristics.

Advisor: Konstantinos E. Parsopoulos, Associate Professor.

Optimization problems lie in the core of scientific and technological development.
They appear in almost every decision-making process, under various types and forms.
A multitude of algorithms have been proposed in relevant literature to solve opti-
mization problems. However, theoretical evidence suggests that the development of
an overall optimal algorithm is impossible. For this reason, problem-specific optimiza-
tion algorithms have been developed, incorporating a variety of features and ad hoc
operations that exploit specific properties of the corresponding optimization problem.

Typically, optimization algorithms have control parameters that adjust their dy-
namic with critical impact on their performance. Thus, proper parameter tuning
becomes the cornerstone of efficient problem solving. There is a continuous line of
research on parameter tuning methods since the early development of optimization
algorithms. The majority of these methods addresses the tuning problem offline, i.e.,
prior to the algorithm’s execution. Established offline methods are based on statistical
methodologies to identify promising parameter configurations, and their results may
be reusable in problems of similar type. However, they neglect the algorithm’s feed-
back and performance fluctuations during its run. The alternative approach is the
use of online methods that dynamically adapt the parameters during the algorithm’s
run. These methods exploit real-time performance data and, hence, they can make
informative decisions on the parameter adaptation. This usually comes at the cost of
non-reusable decisions.

The main goal of the present thesis is the development of new online parame-

ter adaptation methods that can be particularly useful for the class of metaheuristic

xiii



optimization algorithms. The first part of the dissertation comprises the necessary
background information on the current state-of-the-art and the optimization algo-
rithms that will be used for demonstration purpose. In the second part of the the-
sis, two new online parameter adaptation methods are proposed. The first method,
called Grid-based Parameter Adaptation Method, is based on grid search in the pa-
rameter space. The proposed method can be used on any algorithm and tackles
both scalar and discrete parameters (including categorical ones). The new method
is demonstrated on two state-of-the-art metaheuristics. For this purpose, two estab-
lished benchmark suites are also considered. The second proposed method, called
Gradient-based Parameter Adaptation Method with Line Search, replaces the grid
search with approximate gradient search in the parameter space. The search proce-
dure is further equipped with a recently proposed gradient-free line search technique.
These modifications offer additional performance improvement with respect to the

grid-based method, as revealed by the relevant performance assessment.
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EXTETAMENH IIEPIAHWH

BaotAetog Térong, A.A., Tunuo Myyovixedy H/Y xow ITAnpogopixng, Ilavemiotiuto
[wavvivwy, Méptiog 2019.

Online Mé6odot [Ipooappoyng Hapapétpwy oe IIAnHvopLtaxods MetacvpeTinodg a-
YoptBu.ovc.

EmBAénwv: Kovotavtivog E. [lapadmovrog, AvarmtAnpwtig Kabnyntig.

Ta TpofAqpoto BeAtioTomoinong Peloxovtol GToY TLENVA TNG ETULOTNUOVLXNG O
TEYVOAOYLXYG €pevvac. EppaviCovtor oyeddy oe xdbe dtadixaocio Mg amwopdocwy,
LVTTO SLAPOPOVS TOTTOVG %o LOPYES. 't TNV emiAvoN TPORBANUETLWY BeATLoTOTTOINOYG
gyovy mpotabel TOANOL ohydptbuor oty oxeTixn PLpAoypapio. Qotdoo, Dewpntinég
HeAETEG €detEay OTL elval adVVaTY N AVATTTLEY VO xatboALxd BEATLIOTOL orAyopibpov.
Mo to Adyo avTd, N €pELVA ETILXEVTPWVETAL GTNY OVATTTUEY] aAyoplOuwy BeAtioto-
TOLNOMNG YLO CUYXEXPLUEVO TTPOBANULATOL, OL OTTOLOL EVOWUATWYOUY TTOLXIAC XHOOXTY-
ptotixa xot ad hoc Asttovpyieg TOL EXPUETAAAEVOVTOL GUYKEXPLULEVES LOLOTYTEG TOV
ovTLOTOLYOL TTPOPANLOTOS BEATLIOTOTTOINOYG.

Tomxd, ot akydpLbuor BeAtiotomolnog €xovy TOEAUETPOVS EAEYYOL TTOL TTPO-
oo pOlovy TN SuVoULXY TOUG UE XPLoLLo avTixTLTO 0TV amddoon tous. Etot, 1 ow-
0T TTPOCUPL.OYY] TTOLPOUETOPWY ATOTEAEL axpoywylaio AlHo yiow Ty amoteAeopotinn
etiAvom TPOPBANUATWY. 't TOo AdYo oLTO, LTTEPYEL CLVEYES KoL AVEAVOUEVO EPELYY-
L6 evOLaEPOY Yo TLg pebddouvg Tpooaproyg Topapétpwy. H mAstovdtntor avtdv
TV Lebd3wy avtipetwTilel To TEOBANUO TPOoOELOYTG TTapopéTowy offline, dnAadY
TTOLY Otd TNV eEXTEAEDN TOL aAyopibupov. Kabiepwuéveg pébodor awtod tov THTTOL
BaoiCovtor oc otatiotinég pnebodoroyieg xotl Tor amoTEAETUATE TOLS dVVAVTOL VO
emovayenotpomotnody oe Tapdpolo TEofPAuatTa. Qotéco, dev AauPdvovy LTTOYN
OESOUEVOL TTOL TTPOXVTTTOLY XOTA TNV EXTEAEDY] TOL aAyoplOov, xabwg xow Thovég
SLoXLUAYOELS 0TNY aTtd3001] Tov. H evolhaxtixy mpooéyylon eivor v xpnon online

©eb6dwy oL TPOTUPUOLOLY SLYOULKE TLG TTAPOULETOOVS XOTA TNV EXTEAEDGY] TOV OA-

XV



YoptlOpov. Avtég o pébodoL expetariedovtor dedopéva amtddoons Tov aAyopilbuov
TTOL TTPOXVTTTOVY OE TPAYUATLXO YOOVO 0L, WS EX TOVTOV, LTTOPOVY VO EVUEQPKYOLY
QUECO TLG TTOPOUUETPOVS. QOTOCO, TO ATTOTEAEOUATA OVTWY TwY LEBIdwY cuyNbwg
OeY ElVOL ETTOVAYEYOLLOTIOLYOLLOL OE TTAEOUOLOL TTPOBANULOLTOL.

O xdpLog oTo)0g TNG TOPOVOOG dLATELPRNG elval M awvdTtTLEY VEwY online pebddwy
TPOCAPULOY TG TTOPAUETOWY, UE LOLALTEPN GTOYELOY] OTLG LETAEVPETIXEG LEbBGDOoLG PBEA-
TtotoToinong. To TpwTo HEPOog TG dLaTELPTg TEQLAOUPAVEL TIG ATaPALTNTES PooLxég
TIANPOQOPLES OYETLXA LE TO TPEYOY state-of-the-art xo Toug adyopiBuovg BeAtioto-
moinong mov Ho ypnotpomotnbody yia Ty enidetEn Twv véwy nebddwy. Xto dedTtepO
UwEpog g dtatpLfng mpoteivovton Vo véeg pébodol Tpooapuoyng Topoauétpwy. H
™ pébodog, ov ovopdletarl Grid-based Parameter Adaptation Method, Boaotle-
To OTYY oVOLNTNOY] TAEYUOTOG GTO XWPEO TWY TopauéTpwy. H mpotetvduevy pébodog
umopet vo yonotpomolniel o omolovdnmote akydpLbuo xow aviipetwnilel 1600 TLg
TEAYLOTLXES OO0 %O TLS SLaXPLTEC TAPOAUETEOVS (GLUTIEQLAOULBOVORLEVWY TWY XOoL-
TNYoPIR®Y Topopétowy). H véa pébodog spopudletal oe 300 SNUOQLAEic pLeToeD-
peTtxoVg aAyopifuovg. I'o To oxomd awtd, yenotpomolovytor V0 Bootxég TovITEG
SoxLLooTIXWY TPOBANUdTwy. H dedtepn mpotetvouevn nébodog, n oota ovoudletorn
Gradient-based Parameter Adaptation Method with Line Search, avtixoafiotd tnmv
ovo{TNOY TAEYUOTOS UE TTROOEYYLOTLXY] OVALNTNON TIOEAYWYWY GTO XWEO TWV TTO-
popé€tpwy. H dradixaoio avalntmong eivol emLTTAEOY EQOSLOGUEYY UE ULOL TTPOCPATY
TEYVLXN eLOVYPOUUNG aValNTNONG YWELG THEOYWYOLES. Ol THPATIAYEL TPOTTOTTOLYOELS
TPOaPEPOLY TTPdabetn BeAtimwon amddoong o oyéomn pe 1 HEB0SO TAEYUATOG, OTTWG

OTTOXUADTTTETOL OLTTO T OYETLXY] TTELPOULOTLXY] OELOAGY MO
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CHAPTER 1

INTRODUCTION

1.1 Overview
1.2 Motivation
1.3 Thesis Contribution

1.4 Thesis Layout

1.1 Overview

The continuous technological evolution has created the need for more enhanced algo-
rithmic tools in every aspect of scientific research. During the past decade, Optimiza-
tion has been placed in the center of scientific research. Optimization problems are
met literally everywhere, requiring diverse optimization algorithms to tackle them.
Theoretical results such as the No Free Lunch theorem [1] suggest that there is no
universal algorithm that can tackle all problems equally well.

The parameter tuning problem has been a central research topic for many years,
resulting in a variety of tuning methods distinguished in two categories: offline and
online methods. In early approaches, offline parameter tuning was applied, prior
to the algorithm’s execution on the studied problem. This approach requires deep
knowledge of the studied problem as well as experience from the practiotioner’s side.
The good performance of such approaches is strongly connected to resource-intensive

preprocessing, based on trial-and-error experimentation. Usually, this requires the



Figure 1.1: Convergence regions of the Newton-Raphson method for the problem
23 —1 =0 in the complex plane.

execution of large number of algorithm variants under alternative parameters, and
performance comparisons based on statistical methodologies. Very often, this proce-
dure requires more time than the solution of the studied problem itself. However, it
can produce results that may be reusable in problem of similar type.

On the other hand, online parameter adaptation, also called parameter control,
does not require preprocessing although at the cost of hardly reusable results. Various
ad-hoc procedures have been proposed for this purpose in the literature. The present
thesis proposes two general-purpose online parameter adaptation methods, which are
also algorithm-independent.

Metaheuristics have been frequently used to tackle optimization problems where
good (sub-)optimal solutions are needed in reasonable time. However, they have
proved to be rather sensitive on their parameter settings. For this reason, they consti-
tute an excellent testbed for the developed methods that are presented in the present

thesis.

1.2 Motivation

Early motivation for the developments presented in the present thesis comes from

deterministic optimization and, specifically, from the Newton-Raphson convergence
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Figure 1.2: Convergence regions of the DE algorithm for various parameter values.

fractal depicted in Fig. (1.1). This image refers to the covergence regions of Newton-
Raphson applied on the problem 2* — 1 = 0 in the complex plane. The three main
colors, (red, green, blue) are associated with the detected roots respectively. We can
clearly distinguish solid regions in which, initialization of the algorithm leads to the
closest root, as well as fractal-like regions where convergence is unpredictable. Clearly,
these regions show that the choice of the starting point is very crucial.

Simiraly, the performance of metaheuristics is also strongly connected to their pa-
rameterization, as it is illustrated in Fig. (1.2). This figure illustrates the performance
of the Differential Evolution (DE) algorithm in its scalar parameter space, for various
problems and dimensions. Specifically, for each pair of parameter values (P1, P2), DE
was executed 100 times and its performance in terms of solution quality was recorded.
Each color refers to a specific solution precision, with black corresponding to the best
one. The clear appearance of solid regions containing promising parameters set was
the main motivation for the development of the online parameter adaptation methods

presented in the thesis.



1.3 Thesis Contribution

In the first part of the dissertation, motivation for the use of parameter adaptation
methods is provided. Then, in Chapter 3, a novel online parameter adaptation method
for population-based metaheuristics is proposed. The core idea is based on grid search
in the parameter domain, aiming at discovering promising regions of parameter values
that are associated with enhanced performance. For this purpose, different quality
criteria are considered in terms of solution quality and diversity. Different variants
are proposed for handling continuous and discrete parameters in a single-objective
or multi-objective manner. The derived methods are demonstrated on two popular
metaheuristics, using two state-of-the-art test suites that include high-dimensional
and low-dimensional problems. Experimental evidence reveals the effectiveness of
the proposed approach and its competitiveness against other state-of-the-art adaptive

algorithms. The following contributions are achieved by the proposed method:

¢ It is completely autonomous from the user during the algorithm’s execution.
* Three quality criteria are considered.
e It can handle both continuous and discrete (including categorical) parameters.

¢ It does not require preprocessing, sparing significant amount of computational

time and resources.

¢ It can ameliorate the performance of the algorithm even when unsuitable initial

parameter values are selected by the user.
¢ It has sound performance on a large number of test problems.

e It has competitive performance against other state-of-the-art adaptive or self-

adaptive algorithms.

* It does not depend on the algorithm, but offers a rather generic parameter

adaptation scheme.

In Chapter 4, a more sophisticated method is proposed. Its core mechanism is based
on performance gradient estimations while it is also equipped with line search. The
use of the gradient-based approach for parameter adaptation results in significant

improvement in convergence speed. Similarly to its predecessor, the gradient-based
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method is highly autonomous. Following the same experimental configuration as
for the grid-based approach, the method is applied on the two test suites, revealing
its performance superiority against other state-of-the-art algorithms. The following

contributions are obtained from the the proposed approach:

¢ It is completely autonomous from the user during its application.
¢ It does not depend on the algorithm.

¢ It does not require preprocessing, thereby sparing significant amount of com-

putational time and resources.
* It is less sensitive to initial parameter values selected by the user.
It has better convergence properties than the grid-based predecessor.
¢ It promotes more fine-grained parameter adaptation.

* It is favorably compared to other state-of-the-art adaptive or self-adaptive al-

gorithms.

1.4 Thesis Layout

The thesis is organized as follows: Chapter 2 provides a brief description of parameter
adaptation methods as well as the necessary background in metaheuristics. Chapter
3 presents a novel online parameter adaptation method based on grid-search esti-
mations, demonstrated on two metaheuristics and benchmarked on two established
test suites. Chapter 4 presents an enhanced method equipped with gradient based
estimations and line search. Finally, Chapter 5 concludes the dissertation and outlines

directions for future work.






CHAPTER 2

BACKGROUND INFORMATION

2.1 Introduction

2.2 Population-based Metaheuristics

2.3 General Population-based Algorithm Model
2.4 Parameter Adaptation Methods

2.5 Literature review

2.6 Benchmark Suites

2.7 Synopsis

2.1 Introduction

Metaheuristics are widely acknowledged as essential tools for solving difficult op-
timization problems in diverse scientific fields [2]. Albeit solution optimality is not
guaranteed, they can provide (sub-)optimal solutions of real-world problems in rea-
sonable time. This renders metaheuristics a valuable alternative especially in cases
where traditional optimization tools or analytical approaches fail.

The performance of metaheuristics typically depends on their control parameters
as well as on the particular problem instance [3—5]. The calibration and fine-tuning

of the control parameters is a major issue in metaheuristics design.



2.2 Population-based Metaheuristics

Without loss of generality, consider the general form of the n-dimensional bound-

constrained continuous optimization problem,

min f(x), (2.1)

zeXCR"?

where the search space X is defined as a hypercube,
X = [ll,ul] X oo X [ln,un],

with /; and u; denoting the lower bound and the upper bound of the i-th direction

component, respectively. Let also the sets of indices
D=2{1,2,... n}, I2{1,2,...,N}, (2.2)

where D refers to the set of direction components and I refers to the indices of
population members, respectively. The objective function value of a vector z; € X,

i € 1, will be simply denoted also as

fi=f(2).

Finally, the function rand() denotes the pseudo-random number generator that pro-

duces uniformly distributed real numbers in the range [0, 1].

2.2.1 Differential Evolution

Differential Evolution (DE) was introduced by R. Storn and K. Price [6] as a population-
based, stochastic optimization algorithm for numerical optimization problems. Al-
thought DE has flexible search operators, which are very convenient for the user,
it is also characterized by sensitive dynamics with respect to its control parame-
ters [7]. Nevertheless, its adaptability, simplicity, and efficiency has placed it among
the most popular metaheuristics, counting a significant number of relevant works [8].
DE employs a different mechanism for producing new candidate solutions than the
dominant probabilistic mechanisms of Evolutionary Algorithms (EAs). Specifically, it

uses differences of the population’s members to perturb existing candidate solutions.



Algorithm 2.1 Pseudocode of the DE algorithm.

1: INPUT: Population P; Population size N; Parameters F, CR; Maximum iterations

tma:p
2: initialize(P)
3: while ¢ < t,,,, do
4: fort=1:N do
5: Choose mutually different indices 5, 2 < s <5
6: uEtH) <« mutation (xg;), F) /* Use Egs. (2.3)-2.7) %/
7: o crossover <xl(-t),u2(-t+1), CR) /* Use Eq. (2.8) %
8: evaluate (vgtﬂ)

10:  end for

11:  Update index g of best individual
122 t+t+1

13: end while

9: 2" selection <x(t),vl(t+1)> /* Use Eq. (2.9) */

Similarly to EAs, mutation, crossover, and selection operators are applied to evolve
the population.

The standard DE algorithm assumes a fixed-size population of size N,
P={zy,29,...,25},
to probe the search space. Each individual z; is an n-dimensional vector,
T .
Ii:(l'il,l‘ig,...,l'in) GX, 26[,

and constitutes a candidate solution of the problem at hand. The population is ran-
domly initialized in X, typically following a uniform distribution.

The population P is iteratively evolved by applying two operators, namely mutation
and crossover, on each individual. Then, a selection phase takes place, where each
individual of the new population competes with its corresponding original individual,
and the best one passes to the next iteration. These operators are iteratively applied
until a termination condition is satisfied.

The steps of DE are outlined in Algorithm 2.1. Let ¢ denote the iteration counter.
(t+

According to the mutation operator, a new vector u, Y is derived for each individual

()

x;  at iteration ¢, through combinations of existing individuals. A variety of mutation

operators have been proposed in the relevant literature. The most common ones are



the following:

DE/Best/1
Y = 20 4 F (o) — 20, (2.3)
DE/Rand/1
=l F () - al), 24
DE/Current-to-Best/2
WD Z 0 p (xgt) — o g xﬁ?) , (2.5)
DE/Best/2
D — 2O+ F (29 — 2 4+ 20 — 20), (2.6)
DE/Rand/2
u§t+1) _ xssl) LR (3:%) _ xs;) i 371(3 _ 337(]?5)) 7 (2.7)

where F' € (0,1] is a fixed, user-defined parameter also called the scale factor [8]; ¢
denotes the index of the best individual, i.e., the one with the lowest function value;
and r, are mutually different integers selected from the set I, also different than .

After mutation, crossover is applied to produce a trial vector,

T .
Ui:(vilavi%"'avin) 5 ZEIa

for each individual z;. There are two main types of crossover operator. The most

popular one is the binomial crossover where,

ul™, it R <CRor j = RN(n),
LD (2.8)
(1)

T, otherwise,

where j € D; R is the realization of a uniformly distributed random variable in the
range [0,1]; CR € (0,1] is the second control parameter of the algorithm, called the
crossover rate; and RN (n) is an integer randomly selected from the set D. The two

conditions in the first branch of Eq. (2.8) ensure that at least one component of the
(t+1)

mutated vector u; '’ is inherited to the trial vector.

()

The alternative exponential crossover operator initially copies x; "~ into the trial vector

(t+1

v, ), Subsequently, it randomly selects a component index k£ € D and sets the cor-

10



Algorithm 2.2 Pseudocode of the PSO algorithm.

1: INPUT: Swarm S; Population size N; Parameters c;, c;, w; Maximum iterations

tmax

2: initialize(S)

3: while ¢ < ¢,,,,, do

4: fori=1:N do

5: Update index g of best particle

6: ugtH) < update_velocity (pgt), ul(-t),xz(-t), i, 02,w> /* Use Eq. (2.10) #*/
7: acl(t“) — update_position (xz(»t),ugtﬂ)) /* Use Eq. (2.11) */

8: evaluate (xEtH))

9: pz(.tﬂ) + update_best_position <x§t+1),p£t)> /* Use Eq. (2.12) */
10:  end for

11: t<+t+1

12: end while

responding component vg,ffl) = ugfjl). Then, starting from the index £ + 1, a number

1 . . 1
ft+ ) are assigned the corresponding component values of uEH ),

of components of v
according to a stochastic condition. After the first failure of the condition, the rest of

the components retain the values initially copied from xl(t) [9].
(t+1)

Finally, selection takes place where the trial vector v; "’ competes with a:gt) and the

new individual for the next iteration of the algorithm is selected as follows,
U(t—i—l), if (U(t+1)> < f(t)7

(t+1) K3 7

T = (2.9)

2 otherwise.

7

The algorithm iteratively applies the same procedure until a termination condition is
reached. Eventually, the individual z, is reported as the best detected solution.

The parameters of DE (including its crossover operator) have been shown to
be crucial for its convergence [10]. While proper parameter values can render DE a
very efficient algorithm, mild perturbations may result in significantly inferior perfor-
mance. Taking into consideration that proper parameter values are typically problem-
dependent, it is reasonable to expect that parameter tuning of DE can be a laborious

task.

2.2.2 Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a popular metaheuristic proposed by J. Kennedy

11



and R. Eberhart [11]. Its robustness and efficiency in a variety of complex optimiza-
tion problems, as well as its easy implementation and minor requirements on the
problem’s model, has placed it among the most popular algorithms.

The main concept of PSO is based on a swarm of search points called particles.
The particles cooperatively probe the search space through adaptable position shifts,
while retaining in memory their best visited positions. PSO employs a swarm of search
points,

S = {l‘l,l'g,...,l‘N},

which is randomly and uniformly initialized in the search space X. Each particle,
xi:(xilaxiZa"'axin)EXa ZG[,

represents a candidate solution of the problem. Its objective value will be simply
denoted as f; = f (z;). The particle iteratively moves in X according to an adaptable

position shift, called the velocity, which is denoted as,

v; = {Uz‘1>vi27 - 7Uin}7

and its best visited position stored in memory is denoted as,

pi = {pi1. Di2s - - -, Piny € X.

The dynamic of PSO is strongly dependent on exchange of information among the
particles. Specifically, the particles communicate their best positions to other particles
through communication channels that define their neighborhoods. This socially shared
information is then used to guide their move.

There are two major PSO models with respect to the extent of information sharing.
In the global (gbest) model each particle is aware of the overall best position of the
whole swarm. In the local (Ibest) model, information is shared only among a restricted
number of predefined particles. The communication channels among the particles are
determined by the employed neighborhood topology. The most popular neighborhood
topology is the ring, where the i-th particle takes into account the findings of particles

with indices belonging in a set,

NB;={i—m,...,i— 14,1+ 1,...,i+m}.

12



Figure 2.1: Popular neighborhood topologies: ring (left) and star (right).

This neighborhood topology can be depicted as a ring-shaped graph (hence the name)
where particles lie on the nodes and each one is connected with its two immediate
neighbors only. The parameter m defines the size of the neighborhood and it is
called the neighborhood’s radius. The ring and star topologies are graphically illustrated
in Figure 2.1, in which the nodes denote the particles and the edges denote the
communication channels.

Let the index g; denote the best particle in NB,, i.e.,

gi = argmin f(py),
kENB;

and let ¢ denote the iteration counter. Then, the update equations of plain PSO are

given as follows [12]:

i
P S R (2.11)

iJ iJ i )

pD = wvg) + ¢ rand() <pz(§') - 935?) + corand() <pét)1 - 935?) o (2.10)

where i € ] and j € D; w is a velocity clamping parameter called inertia weight; and
c1, c2, are two scalars called the cognitive parameter and social parameter, respectively.

Finally, each particle updates its best position at every iteration as follows,

d i < (),
p§t+1> _ (2.12)

pl(-t) , otherwise.
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The algorithm iterates until a user-defined termination condition is satisfied. The steps
of PSO are outlined in Algorithm 2.2, while the reader can find thorough presentation
of PSO and its variants in [12,13].

2.3 General Population-based Algorithm Model

A general population-based algorithm model will be henceforth considered to describe
the proposed online parameter adaptation algorithms in the following chapters. Ac-
cording to the presented population-based algorithms in the previous sections, the

general model assumes a fixed-size population,
P={x,x9,...,2n},
of size N to probe the search space. Each individual z; is an n-dimensional vector,
= leX, iel
zi = (T, Tz, .., Tip) €X, 1€,

and constitutes a candidate solution of the problem. The population is randomly
initialized in the search sapce X, following a uniform distribution. Also, the scalar

parameters of the algorithm will be henceforth denoted as p1, p2, . .., pnp-

2.4 Parameter Adaptation Methods

There are two major categories of parameter setting methods that dominate the rel-

evant literature, namely offline and online methods [3, 4].

2.41 Offline

Offline parameter tuning is based on existing performance data of the algorithm col-
lected from previous applications on similar problems. If such data is unavailable, it is
collected through a preprocessing phase based on preliminary experimentation with
different parameter settings on the problem at hand. The best-performing parameter
values are then adopted in the algorithm. Typically, this approach requires significant

computational effort. The current experience with numerous metaheuristics suggests
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that this effort can be comparable or even higher to the effort needed for solving
the problem itself. Most offline parameter tuning approaches are based on statistical
methodologies. Typical examples are the Design of Experiments [14], which provides
a sound statistical methodology to analyze, compare and learn from experiments,
F-Race [5], which is a racing algorithm based on statistical comparisons for select-
ing the best configuration out of a predefined set of candidate configurations; the
Sequential Model-Based Optimization [15], which uses explicit regression models to
describe the dependence of target algorithm performance on parameter settings; and
ParamILS [16], which conducts an iterated local search in parameter configuration
space. Such approaches can offer promising results at the cost of additional imple-
mentation and experimentation effort. Nevertheless, their outcome is often reusable

in a wide range of similar problems. Relative works can be found also in [17,18].

2.4.2 Online

In contrast to the offline tuning approaches, online methods aim at dynamically
adapting the parameters of the algorithm, based on feedback during its run [3,16].
The popularity of such methods can be attributed to the lack of preliminary experi-
mentation and the limited user intervention. On the other hand, online methods often

exhibit two major weaknesses:

1. Overspecialization: they are usually based on ad hoc procedures developed for a

specific algorithm or problem type.

2. New control parameters: the number of new parameters introduced by the tuning

method may significantly expand the parameter domain.

The overspecialization issue renders the outcome of online methods hardly reusable
even in different runs of the same algorithm on a specific problem. Moreover, increas-
ing significantly the number of parameters by introducing new ones may increase the
sensitivity of the algorithm and, concurrently, impose the necessity for tuning the tun-
ing procedure itself. These weaknesses have offered motivation for the development

of new online methods during the past decades.
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2.5 Literature review

There is a number of adaptive online approaches with respect to the two meta-
heuristics described in the previous section, namely DE and PSO. In [19] Brest et
al. proposed a self-adaptive algorithm that probabilistically assigns control param-
eter values. Zhao et al. [20] proposed a self-adaptive scheme with multi-trajectory
search. Also, a distributed adaptive scheme with scale factor inheritance was proposed
in [21] by Weber et al., where subpopulations are connected in a ring topology, each
one having its own scale factor. Moreover, a self-adaptive algorithm learning from
previous experiences was proposed in [22], while in [23] a parallel multi-population
model with random connection topology was proposed. A survey paper revising the
terminology, as well as the classification of control mechanisms, was provided in [24].

Polakova et al. [25] introduced a controlled restart DE in which the restarting
conditions are derived from the difference of extremal values of the objective function
and the estimated maximum distance among the points in the current population.
Moreover, the jDElIscop variant was introduced in [26], combining three strategies
and a population-reduction mechanism. A generalized adaptive scheme that is based
on probability distribution was proposed in [27].

Zhang and Sanderson in JADE [28] algorithm use an external archive to adapt the
control parameters. In the same vein, in [29] Tanabe and Fukunaga proposed a new
parameter adaptation technique (called SHADE), which uses historical memory of
successful control parameter settings to guide the selection of future values. Moreover,
in [30] Tanabe et al. introduced an enhanced version of SHADE, called L-SHADE,
which incorporates success-history based parameter adaptation.

Tvrdik et al. also adapt the control parameters of the DE in [31] through com-
petition within the algorithm, while a new adaptive variant with twelve competing
strategies was proposed in [32]. A comparative analysis of the binomial and expo-
nential crossover variants was conducted in [33] and [34], providing also theoretical
results. Brest et al. in [35] proposed a self-adaptive DE with small, varying population
size.

LaTorre et al. in [36] have analyzed the behavior of a hybrid algorithm that com-
bines two heuristics. An adaptive memetic DE with global and local neighborhood-
based mutation operators was proposed by Piotrowski in [37]. Finally, in [38] Segura

et al. studied the relation between exploration and exploitation with respect to the
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Table 2.1: Summary of the SOCO test problems

No. Functions Range fr
1 Shifted Sphere Function [—100, 100]™ —450
2 Shifted Schwtfel’s Problem 2.21 [—100, 100]™ —450
3 Shifted Rosenbrock’s Function [—100, 100]™ -390
4 Shifted Rastrigin’s Function [-5,5]" —330
5 Shifted Griewank’s Function [—600, 600]™ —180
6 Shifted Ackley’s Function [—32,32]" —140
7 Schwefel’s Problem 2.22 [—10,10]" 0
8 Schwefel’s Problem 1.2 [—65.536, 65.536]™ 0
9 Extended f0 [—100, 100]" 0
10 Bohachevsky [—15,15]" 0
11 Schaffer [—100, 100]™ 0
12 Hybrid Composition Function [—100, 100]™ 0
13 Hybrid Composition Function [—100, 100]™ 0
14 Hybrid Composition Function [-5,5]" 0
15 Hybrid Composition Function [—10,10]" 0
16 Hybrid Composition Function [—100, 100]™ 0
17 Hybrid Composition Function [—100, 100]™ 0
18 Hybrid Composition Function [—5,5]" 0
19 Hybrid Composition Function [-10,10]™ 0

scale factor in DE.

In the same vein, a number of PSO variants with dynamically adjusted parameters
have been proposed in literature. In [39] the inertia weight of PSO is automatically
controlled based on the swarm’s distribution and particles’ fitness values. Moreover,
in [40] an adaptable PSO algorithm was proposed based on a stability criterion, while

in [41] a fuzzy system was employed for the same purpose.

2.6 Benchmark Suites

It is reasonable to expect that parameter adaptation methods, such as the ones pro-
posed in the present thesis, can be beneficial for an algorithm particularly in cases
of demanding optimization problems. Undoubtedly, large-scale problems consisting
of hundreds of decision variables constitute an appropriate testbed for investigat-
ing the potential benefits. Nevertheless, problems of lower dimension can verity the
wide applicability of the method. The solution quality criterion for all the considered

problems is the objective value error defined as,
e = f(z%) = f (zope) , (2.13)
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Table 2.2: Summary of the CEC-2013 test problems

No. Functions Range fr
1 Sphere Function [—100, 100]™ —1400
2 Rotated High Conditioned Elliptic Function [(—100, 100]™ —1300
3 Rotated Bent Cigar Function [—100, 100]™ —1200
4 Rotated Discus Function [—100,100]™ —1100
5 Different Powers Function [—100, 100]™ —1000
6 Rotated Rosenbrock’s Function [—100, 100]™ —900
7 Rotated Schaffers I'7 Function [—100, 100]™ —800
8 Rotated Ackley’s Function [—100, 100]™ —700
9 Rotated Weierstrass Function [—100, 100)™ —600
10 Rotated Griewank’s Function [—100, 100]™ —500
11 Rastrigin’s Function [—100, 100]™ —400
12 Rotated Rastrigin’s Function [—100, 100]™ —300
13 Non-Continuous Rotated Rastrigin’s Function [—100, 100]™ —200
14 Schwefel’s Function [—100, 100]™ —100
15 Rotated Schwefel’s Function [—100, 100]™ 100
16 Rotated Katsuura Function [—100, 100]™ 200
17 Lunacek Bi-Rastrigin Function [—100, 100]™ 300
18 Rotated Lunacek Bi-Rastrigin Function [—100, 100]™ 400
19 Expanded Griewank’s plus Rosenbrock’s Function [—100,100]™ 500
20 Expanded Scaffer’s I'6 Function [—100,100]™ 600
21 Composition Function 1 (n = 5, Rotated) [—100, 100]™ 700
22 Composition Function 2 (n = 3, Unrotated) [—100, 100]™ 800
23 Composition Function 3 (n = 3, Rotated) [—100, 100]™ 900
24 Composition Function 4 (n = 3, Rotated) [—100, 100]™ 1000
25 Composition Function 5 (n = 3, Rotated) [—100, 100]™ 1100
26 Composition Function 6 (n = 5, Rotated) [—100, 100]™ 1200
27 Composition Function 7 (n = 5, Rotated) [—100, 100]™ 1300
28 Composition Function 8 (n = 5, Rotated) [—100, 100]™ 1400

where z* is the solution achieved by the algorithm and ., is the known globally

optimal solution of the problem.

2.6.1 SOCO Test Suite

For large-scale problems, the test suite provided in the special issue on large-scale con-
tinuous optimization problems of the Soft Computing journal [42] (henceforth denoted as
SOCO) is considered. This test suite consist of 19 large-scale continuous optimization
problems, henceforth denoted as fi-fi9, of dimension n = 50, 100,200, 500. Among
them, fi-fs come from the CEC-2008 test suite [43], accompanied by 13 shifted and
hybrid test problems of high complexity, including separable and non-separable prob-
lems, which are reported in Table 2.1. The main goal determined by the test suite is
the detection of the known global minimizers of the test problems within the tight

limit of gmax = 5000 x n function evaluations (FEs). Also, a number of 25 experiments

18



is required for the derivation of statistical results.

The test suite is provided on the internet! along with complementary material.
This includes complete results for three base algorithms, namely DE with exponen-
tial crossover, CHC [44], and GCMAES [45], along with the average solution values
for 13 additional algorithms, namely SOUPDE [46], DE-D*+M™ [47], GaDE [48],
jDEIscop [26], SaDE-MMTS [20], MOS [49], MA-SSW-Chains [50], RPSO-vm [51],
Tuned IPSOLS [52], EvoPROpt [53], EM323 [54], VXQR1 [55], and GODE [56].
Note that adaptive and self-adaptive algorithms are included among them. Beside
the exponential DE, the most popular binomial DE is additionally considered as a
base algorithm in the experiments presented later in the present thesis. The source

code of the test problems is available online [57].

2.6.2 CEC-2013 Test Suite

In addition to the large-scale problems, the mainstream CEC-2013 test suite from
the special session on real-parameter single-objective optimization [58] is also con-
sidered. It consists of 28 benchmark problems denoted as f;-fss, including unimodal,
multimodal, and composite functions, all reported in Table 2.2. Only the dimensions
n = 30 and n = 50 are considered, since problems of lower dimension can hardly
offer useful information for approaches such as the proposed ones. According to
this test suite, the search space is equal to [—100,100]" for all test problems. Also,
the maximum number of function evaluations is equal to gmax = 10000 x n. This is
in contrast to the SOCO test suite where non-symmetrical search spaces and half the
number of function evaluations are considered for problems of larger dimension. The
optimal solutions for all test problems are known, and the suggested number of runs
per problem is 51 as dictated by the test suite.

Complementary material provided by the test suite is also available on the inter-
net [59]. This includes complete results for one of the most competitive DE variants,
namely L-SHADE [30] and SHADE [29], as well as for DEcfbLS [60], jande [61],
DE_APC [62], and PVADE [63]. Note that all the provided DE algorithms are adap-

tive and self-adaptive.

'http://sci2s.ugr.es
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2.6.3 Further Implementation Details

At this point, it shall be underlined that the algorithms used for comparisons with
the proposed methods of this thesis were already tuned for the corresponding test of
problems. However, the required computational budget for their tuning is typically
neglected in all relevant studies, although it can be comparable or even higher than
the reported budgets required for solving a problem. The method introduced in
the present thesis do not require such preliminary experimentation. Although a fair
comparison would require to allocate to the proposed approaches this additional
preprocessing budget, it was decided to push their performance to the limit and
assess them under exactly the same computational budget as for the competitor tuned
algorithms.

All implementations of the proposed methods in this thesis were made in the C
programming language. The results for the competitor algorithms were either adopted
from the publicly available data or obtained through the available sources in the cor-
responding references of the test suites. The OpenMPI library? was used for paral-
lelization. The parallelization does not interfere with the method’s dynamic but only
expedites the experiments. Thus, the same results are received with the serial version
of the method under identical initial conditions and seeding. All experiments were
conducted on a Beowulf cluster consisting of Intel® i7 machines with 8GB RAM,

providing 8 CPUs each, and running under Ubuntu Linux.

2.7 Synopsis

In this chapter, the required background information regarding the employed state-
of-the-art metaheuristics was outlined. A general population-based optimization al-
gorithm model was defined in order to be used for the general descriptions of the
proposed methods in the following chapters. Additionally, the description of the test
problems used in the dissertation was outlined. Finally, implementation details were

provided.

http://www.open-mpi.org
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CHAPTER 3

NEw GRID-BASED PARAMETER ADAPTATION

METHOD

3.1 Introduction

3.2 Proposed Method

3.3 Application on Differential Evolution

3.4 Preliminary Sensitivity Analysis

3.5 Application on Particle Swarm Optimization

3.6 Synopsis

In this chapter, the novel grid-based parameter adaptation method is proposed and
demonstrated on two state-of-the-art metaheuristics. The presentation includes a gen-
eral description of the method’s basic scheme, as well as specialization for the cases
of Differential Evolution and Particle Swarm Optimization. Experimental assessment
is offered on the two benchmark suites, SOCO and CEC-2013, including the relevant

statistical analysis.
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3.1 Introduction

Dynamic parameter adaptation allows the algorithm to identify suitable parameter
settings during its run. Existing approaches are based on the algorithm’s previous
performance, as well as on current performance estimations [3,16]. Typically, these
methods need minimal user intervention, although at the cost of additional compu-
tational requirements in terms of running time.

The main goal of the proposed grid-based method is the dynamic adaptation of
the control parameters of the corresponding algorithm during its run with minimal
additional computational cost and user intervention. For the scalar parameters, this
is achieved by discretizing the parameter space, forming a grid. Then, local search is
conducted on the parameter grid, based on estimations of the algorithm’s performance
under different neighboring parameter settings. The most promising parameter setting
is then adopted from the algorithm for a number of iterations. The same steps are
iteratively applied in order to identify promising parameter settings in different stages
of the optimization procedure. The search can be conducted either serially or in
parallel, taking advantage of modern computer systems.

The grid-based method is demonstrated on two state-of-the-art metaheuristics,
namely Differential Evolution (DE) and Particle Swarm Optimization (PSO), for dy-
namically adapting their control parameters. However, proposed method is applicable
with any optimization algorithm. DE was selected mainly due to its recognized sen-
sitivity in parameter values and operator type [10], which results in challenging pa-
rameter control problems. In the same vein, PSO was selected for further verification

on different population-based metaheuristics.

3.2 Proposed Method

In the following paragraphs, the proposed grid-based parameter adaptation method,
henceforth called Grid-based Parameter Adaptation Method (GPAM) is presented in detail.
The basic scheme for scalar parameter adaptation of population-based metaheuristics
is initially exposed, followed by an updated variant that dynamically adjusts also

discrete parameters.
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3.2.1 Basic Scheme

The first step in the proposed method is the discretization of the scalar parameter
space. Let the parameters of the algorithm be pq,ps,...,p,p. and a specific range
[l,;,u,,] be defined for each one. Discretization step sizes Aj, Ag, ...\, are specified
for the each parameter, respectively. Small step sizes offer more fine-grained search
in parameter space, although the convergence to good parameter values may become
slow. On the other hand, large discretization steps may result in overshooting ap-
propriate parameter values. The optimal step size depends always on the algorithm
and, specifically, its parameter sensitivity. Nevertheless, previous experience with an
algorithm often provides useful insight for this purpose.

The discretized np-dimensional parameter space,

g = {(phan s )pnp); pi € {lpmlpi + )\i7lp1; + 2A27 s )upi}’ Vi = 17 ce 7np})

is henceforth called the grid. Each interior point in G has 3"’ —1 immediate neighboring
points. The proposed method assumes that the algorithm is initialized to a random
population P,,;, called the primary population, and assumes an initial parameter vector

at the center of the grid, i.e.,

l, —u,
pizplTupl, 1=1,...,np. (3.1)

Then it evolves for t,,; iterations. The selection of initial parameters on the grid
center is reasonable in lack of additional domain knowledge suggesting better choice.
Naturally, if such information is available, it can be easily exploited to accelerate the
detection of suitable parameter values. For example, consider the case where data is
available a priori, suggesting that the objective function has a multitude of minimizers
densely concentrated in specific parts of its domain. In view of such information, the
initial parameters may be set accordingly to promote exploitation over exploration.
On the other hand, small number of sparsely distributed minima may need initial
parameters that promote exploration. Thus, domain knowledge can be beneficial for
the algorithm’s efficiency.

After the t,,; iterations, the primary population is copied into 3™ secondary popu-
lations, each one evolved using a neighboring parameter vector. The secondary pop-

ulations are independently evolved using their assigned parameter values for a small
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number of iterations, ¢, < t,., in order to locally estimate the performance of the
current population with the corresponding parameter values. The best-performing
secondary population is then adopted as the new primary population along with
its parameter vector. These steps constitute a full cycle of the method, which con-
tinues with new cycles until the available computational budget (usually function

evaluations) is exceeded. The main phases of the method are analyzed below:

Cloning Phase

The primary population P,.; is copied into 3" secondary populations Pi.., with j €
{1,2,...,3"}, one for each neighboring parameter vector in the grid, including the
current one. If (p1, po, ..., pyp) is the current parameter vector for the primary popu-
lation, then the secondary population P has a parameter vector (P15 P2 - - -+ Prpj)
with,

pij = pij +7 N, v €{-1,0,1}, ie€{l,2,...,np} (3.2)

Obviously, the case v; = 0 corresponds to the current parameter vector of the primary

population.

Performance Estimation Phase

Each secondary population is evolved for t,. < t,,; iterations. This is called the
performance estimation phase of the method, and provides a local estimation of the
algorithm’s performance for the current primary population, using the specific neigh-
boring parameter vectors. This step can be executed either serially or in parallel using
one master node (primary population) and 3" slave nodes (secondary populations).
Modern desktop computers offer adequate resources for such implementations.
Subsequently, the primary and the secondary populations are compared in terms
of their average objective values (AOV). For a population P of size N, this is defined as

the average function value of its members:

1
fr = Zf () . (3.3)

The best population among the primary and the secondary ones, along with its
parameters vector, are adopted, as thew new primary population.

The presented procedure produces a trajectory of parameter vectors in the grid
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Figure 3.1: A complete cycle of the proposed GPAM method.

by tracking local improvements of estimated performance. This way, even marginal
improvements achieved by a secondary population would result in adopting new
parameter vectors that may be recalled in subsequent cycles of the procedure. This
effect can produce undesirable cyclic or oscillating trajectories, which can be alleviated
by imposing a minimal improvement threshold en;, for accepting a new primary
population. Thus, the best secondary population P;;. and its parameters (pj,..., o} )

replace the primary population P,,; and its current parameters (py, pa, ..., pnp) only if
it holds that,

pr’i - f‘sec* 2 €min > 0.

The value of ¢, can be set taking into consideration the desired solution accuracy.

Dynamic’s Deployment Phase

The new primary population, with its new parameter vector (p1, ... ,pnp), is evolved
according to the implemented algorithm for ¢,,; iterations and this completes a full

cycle of the proposed, grid-based parameter adaptation method.

Analysis and Improvements

The application of the three phases above is henceforth referred as a cycle of the
parameter adaptation method, in order to avoid confusion with the iterations of the

primary and secondary populations. Thus, a cycle ¢ involves t,,; iterations of the
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Algorithm 3.1 Pseudocode of the basic GPAM method

1: initialize(Pyy;)

2: M < 3" /* Number of secondary populations */

3: Evolve primary population P,,; for t,,; iterations.

4: while (not termination) do

5. /* Performance estimation phase */

6: fori=1:M do

7 Copy P, to secondary population P, ;.

8: Assign parameters to P ;.

9: Evolve P, for t,. iterations.
10:  end for

t1:  /* Update primary population */
12:  Find the best-performing secondary population P ..
13: if (]Epri - fsec* 2 5min) then
14: Py < P,
15: Replace worst individuals of P,,; with the overall best vectors of
16: all P, (if they are better).

17:  end if
18:  /* Dynamic’s deployment phase */

19:  Evolve primary population P,,; for t¢,,; iterations.
20: end while

primary population and 3" x i, iterations of the secondary populations, i.e., a total
number of,

e = (tpri + 3" 75560) X Nv

function evaluations, where N stands for the population size. A complete cycle of
the proposed GPAM method is illustrated in Fig. 3.1. The maximum number of
complete cycles that can be performed by the method, given a maximum budget of

gmae function evaluations, can be a priori determined as,

Cmax = \\QmaxJ s (34)
qc

where |.| is the floor function.

Moreover, alternative performance metrics can be used instead of AOV. A typi-
cal alternative is the use of each population’s overall best objective value. However,
this metric may become misleading because, for practical purpose, the number ¢,
of performance-estimation iterations shall be typically kept low (5 to 10 iterations)
in order to spare computational budget. Thus, using solely the overall best value as

performance measure renders the procedure vulnerable to temporarily optimal solu-
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tions that may be rapidly discovered. This was also verified in experimental testing
in early stages of GPAM’s development, and for this reason it was abandoned.

Furthermore, in order to take full advantage of the discoveries of all secondary
populations, the utilization of the overall best individual of each unselected secondary
population in the new primary population is also considered. Thus, the worst 3" in-
dividuals of the new primary population are replaced by the 3" overall best members
of the secondary populations, if they have better objective values.

The proposed GPAM approach with the modification discussed above is outlined
in Algorithm 3.1. Steps 3-19 constitute a complete cycle of the method. The number
of iterations ¢,,; and t,.. for the primary and secondary populations, respectively, can
be set to fixed values. As previously mentioned, small values of 5 to 10 iterations
are suggested for t,.. since only rough performance estimations are required for the
secondary populations. Contrary to this, ¢,,; shall take higher values in order to allow
the primary population with the selected parameter vector to deploy its dynamic.
Based on suggestions in literature [6], the value t,, = 10 x n, with n being the
problem’s dimension can be considered as default value.

An alternative strategy is the dynamic adaptation of ¢,,; from a minimum value
tg;,if to a maximum value ¢35 during the method’s execution. The rationale behind
it lies on the fact that at the latest stages of optimization the population is expected
to have already identified promising regions of the search space and, hence, longer
running time for the dynamic’s deployment phase can be beneficial. The simplest
strategy is the linear adaptation. Thus, if ¢ denotes the current cycle of the method
and cm.x denotes the maximum number of cycles determined by Eq. (3.4), then t,,;

can be linearly adapted between t™" and t™2* as follows:

pri pri

+ ¢min, (3.5)

pri

tori(e) = (5" = t57)
max

The extremal values 7" and t7%* can be set by the user taking into consideration

the problem at hand (especially its dimension). The current experience on numerous

problems has shown that setting 7 at values 40% to 50% higher than #'? is a good

default choice. Thus, the following default setting:

tmin

max
pri 13

- ]_0 X n, pri

=14 x n,

is suggested, where n is the problem’s dimension. Note that these parameters as well
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Figure 3.2: Bridging populations define multiple grids.

as the enin threshold for accepting a new primary population are optional. Hence, they
do not contradict the main goal of the proposed approach to unburden the user from
the effort of finding proper parameter values for the algorithm. The proposed ap-
proach can be straightforwardly parallelized in modern desktop computers by using
a master node for the primary population and 3™ slave nodes for the concurrent evo-
lution of the secondary populations. Naturally, additional nodes can further expedite

the procedure, especially when denser grids are used.

3.2.2 Handling discrete parameters

The handling of discrete parameters is straightforward for the case of numerical val-
ues with ordering (e.g., integer parameters). In this case, the parameter space for
these parameters is already discretized and the previously presented procedures can
be applied without modification. However, this is not the case for discrete parame-
ters without ordering (e.g., categorial parameters). For such cases, a new concept of
bridging populations is introduced, which defines multiple grids of scalar parameters,
one for each discrete parameter. This modification formulates a multi-grid parameter
space, as the one illustrated in Fig. 3.2. For example, in the general algorithm model,
the primary population would be copied in the 3" secondary populations for adapt-
ing the np scalar parameters, as well as in dp bridging populations, which inherit the
same scalar parameters as the primary population but different discrete parameters.
Here, dp stands for the number of discrete parameters without ordering.

After that, each secondary and bridging population is evolved for ¢,.. iterations

(performance estimation phase). The best secondary or bridging population is selected
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Algorithm 3.2 Pseudocode of the GPAM* method

NN N DN DN NN P = = = s e e e
ST RPN 2

27:

initialize(P;)

M « 3" 4+dp /* Number of secondary populations */
Evolve primary population P,,; for t¢,,; iterations.
while (not termination) do

/* Performance estimation phase */
for:=1: M do
if (i < 3") then
/* Secondary population */
Copy P, to secondary population P, ;.
Assign scalar parameter vector to Pi.;.
else
/* Bridging secondary population */
Copy P, to secondary population P, ;.
Inherit scalar parameters of P,.; to Ps.;.
Assign discrete parameters to P ;.
end if
Evolve P, ; for t,. iterations.
end for
/* Update primary population */
Find the best-performing secondary population F,..
if (fp’ri - fsec* > 5min) then
B pri Ps*ec
Replace worst individuals of F,,; with the overall best vectors of
all P, (if they are better).
end if
/* Dynamic’s deployment phase */
Evolve primary population P,,; for t,,; iterations.

28: end while

to replace the primary population along with its parameters. This procedure can

be viewed as jumping from one scalar parameter grid to another. The rest of the

parameter adaptation procedure is identical to the GPAM method presented in the

previous sections. The modified approach is outlined in Algorithm 3.2, and it is

henceforth denoted as GPAM*.

3.3 Application on Differential Evolution

The proposed GPAM method is demonstrated on the state-of-the-art DE algorithm,

initially for adapting its scalar parameters. The derived algorithm is henceforth de-

noted as DEGPA (Differential Evolution with Grid-Based Parameter Adaptation). Ad-
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Figure 3.3: The parameter grid for A\r = Acg = 0.1. Each interior point (gray node)
has 8 immediate neighbors (black nodes).

ditionally, the GPAM* method is demonstrated on DE for adapting also its crossover
or mutation operator along with the two scalar parameters. The experiments are

conducted on the two established benchmark suites described in Section 2.6.

3.3.1 Online Adaptation of Scalar Parameters and Crossover Op-

erator

The first step in DEGPA is the discretization of the scalar parameter space [64]. Recall
that both parameters F and CR (scale factor and crossover rate) assume real values
in the range (0, 1]. Although different ranges for F' have been studied, the specific one
appears to be the most common choice in relevant literature [8] and in the available
source codes [65,66]. Nonetheless, adaptation for different ranges is trivial.

Discretization step sizes A\p and Acpr are specified for the two parameters, respec-
tively. The current experience has shown that performance differences are marginal
under parameter differences smaller than 0.1. For this reason, A\p = Acg = 0.1 was
selected, as a reference step size to build a discretized 2-dimensional parameter space
(grid),

G ={(F,CR); F,CR€{0.0,0.1,...,1.0}},

Each interior point in G has 8 immediate neighbors as illustrated in Fig. 3.3.
The algorithm starts with a randomly initialized primary population, which is

assigned the parameter pair at the center of the grid, i.e., (F,CR) = (0.5,0.5). The
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primary population PB,.; is then copied in 9 secondary populations P&, with a,b €
{—1,0,1}, one for each neighboring parameter pair in the grid. If (¥, CR) is the current
parameter pair for the primary population P,.;, then the secondary population P%’

Sec

has a parameter pair (F’, CR’) with,
F'=F+alr, CR =CR+bMcg, abe{-1,01}. (3.6)

Obviously, the case a = b = 0 corresponds to the primary population itself.
Following the GPAM workflow, each secondary population is evolved according to
the standard DE procedure for ¢,.. < t,,; iterations. This step can be executed either
serially or in parallel using one master node (primary population) and 9 slave nodes
(secondary populations). Subsequently, the primary and the secondary populations
are compared in terms of their average objective values (AOV), fpm-, fsee, defined in

Eq. (3.3). The best-performing secondary population P%_, i.e., the one with minimum

sec?

AOV value, and the corresponding parameter set are selected and replace the primary

population P,,; and its current parameters if it holds that,

fpm’ - fsec* 2 €min > 0.

Then, the new primary population and its parameter set, is evolved according to
the corresponding algorithm’s procedure for ¢,,; = 10 x n, iterations, where n stands
for the problems dimension. The alternative dynamic adaptation of ¢,,; defined in
Eq (3.5) can be used, following the guidelines of Section 3.2.1.

A cycle ¢ of the method includes t,,; iterations of the primary population and

9 X t4 iterations of the secondary populations, i.e., a total number of,
dc = (tpri + gtsec) X Na

function evaluations, where N stands for the population size. Thus, the maximum
number of complete cycles that will be performed by the algorithm, can be a priori

determined,

Cmax = \\QmaxJ s (37)
qc

for a prescribed maximum computational budget of gmax function evaluations as de-

scribed in Section 3.4.
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Moreover, the worst 8 individuals of the new primary population are replaced by
the 8 overall bests of the secondary populations, if they have better values.

In addition to the scalar parameters adaptation, the basic DEGPA scheme can
be further enhanced by adapting also the crossover operator type between binomial
and exponential. This can be achieved by using an additional bridge population
in the performance-estimation phase of the method, as described in Section 3.2.2.
More specifically, the bridge population executes t,.. iterations (as the rest of the
secondary populations) with the primary population, assuming the scalar parameter
pair of the primary population but with different crossover type. Thus, if the pri-
mary population P,,; uses binomial crossover operator and parameters (F,CR), the
bridge population P,; is initially a copy of P,,; with parameters (F,CR) but uses
the exponential crossover operator. After evolving P, for t.. iterations, the resulting
population competes with the rest of the secondary populations and the primary one,
according to the GPAM* scheme presented in Section 3.2.2. If the bridge population is
the winner, it becomes the primary population and its crossover operator is adopted
for the following cycles of the method, until the next possible change. This procedure
can be simply considered as a jump from the grid of the binomial variant to the grid
of the exponential one and vice versa, as illustrated in Fig. 3.4.

This new DEGPA variant is henceforth called enhanced DEGPA (eDEGPA) and
offers additional flexibility to DEGPA by further reducing the number of user-defined
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parameters in DE. The reason for presenting both DEGPA and eDEGPA is that, as
will be seen in the experimental assessment, there are problem types where the most
efficient crossover operator type has been a priori identified. Thus, it is interesting and
challenging to compare the performance between DEGPA exploiting this information
and eDEGPA with no prior problem-dependent information.

The performance of DEGPA and eDEGPA was initially assessed on the SOCO test
suite described in Section 2.6.1. The main goal in the experiments was to achieve
competitive average performance against algorithms reported in the test suite, espe-
cially the ones with the exponential DE approach that was optimally tuned on the
specific test problems. The tested DEGPA adopted the exponential crossover operator
as well the mutation of Eq. (2.4), according to the setting of the base DE algorithm.
On the other hand, eDEGPA was let to dynamically select between binomial and
exponential crossover, while its mutation operator was the same with DEGPA.

Experiments were conducted with both DEGPA and eDEGPA on all test prob-
lems of the SOCO suite, for dimension n = 50, 100, 200, and 500. The available
computational budget was determined according to the test suite’s requirements as
@maz = D000 xn function evaluations [42]. Note again that the proposed algorithms did
not use the additional time claimed by the competitor algorithms for their preliminary
experimentation and optimal tuning.

The master-slave model was adopted for the parallel implementation, of DEGPA
and eDEGPA assigning one secondary population per slave node, while the master
node was running the main procedure of the method. The considered performance
measure was the objective value error defined in Eq. (2.13). For each algorithm,
25 independent experiments were conducted and the average errors were recorded.
Following the setting of the DE algorithm in the SOCO test suite, the population size
for both DEGPA and eDEGPA was set to N = 60.

Although the test suite includes only the exponential DE variant, for completeness
reasons the corresponding binomial DE variant using the provided settings and source
codes in [67] was also considered as a competitor algorithm. The control parameters
for the two base DE variants were set to (F,CR) = (0.7,0.5) as suggested in the
reported results in [67]. The two base DE variants are henceforth denoted as DEeyp
and DE,;,. On the other hand, both DEGPA and eDEGPA were initiated at the central
parameter pair (F, CR) = (0.5,0.5), and the initial crossover operator type for eDEGPA

was the exponential one (dynamically changing during execution).
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The experimental analysis was divided in two phases [64]. In the first phase,
DEGPA and eDEGPA were compared against the base algorithms, namely DEcyy,
DEyin, CHC, and GCMAES. The available source code for each base algorithm was
used for conducting 25 independent experiments per problem, using the exact set-
tings reported in the SOCO test suite [57]. The achieved objective value errors were
recorded for each algorithm and experiment. The means and standard deviations of
the obtained errors for the proposed and the base algorithms are reported in Ta-
bles A.1 and A.2 of Appendix A. In the 500-dimensional case, results could not be
obtained with the provided GCMAES source code due to excessive computation time
(this is reported as “n/a” in the two Tables).

A close inspection of the results offers interesting information. Both the pro-
posed approaches have competitive performance the base algorithms. In fact, they
clearly outperform DE;,, CHC, and GCMAES, in almost all test problems, especially
for higher dimension. Also, they exhibit competitive performance against the best-
performing base algorithm DEc,,. This achievement worths further attention because
DE.,, was used with its optimal parameter setting and crossover type provided in the
SOCO test suite, for the same computational budget with the proposed approaches.

For the lower dimensions (n = 50 and n = 100) eDEGPA attained superior average
performance than DEGPA. This can be attributed to eDEGPA’s ability to automatically
select the most proper crossover type operator, since binomial crossover appears to be
more beneficial in some test problems. We can also see that eDEGPA’s performance
gradually declines as dimension increases. This is anticipated, since eDEGPA needs
additional effort to evolve the extra (bridge) populations, in order to dynamically
decide on the crossover operator type. Thus, as the problems become harder, eDEGPA
exceeds the available budget more rapidly than DEGPA.

In order to statistically verify the observed performance differences between each
pair of algorithms, Wilcoxon rank-sum tests at confidence level 95% were conducted
for all test functions. Each positive comparison where DEGPA or eDEGPA outper-
formed another algorithm with statistical significance was counted as a win. The
corresponding negative comparisons were counted as loses. The lack of statistical sig-

nificance was considered as a tie. The results for all statistical comparisons are given

2 b

in Table 3.1, where wins, loses, and ties are denoted as “+”, “—”, and “=", respec-
tively. The reported results verify the previous findings. Specifically, both DEGPA

and eDEGPA achieved statistically better or equivalent performance with the rest of
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Table 3.1: Number of wins (denoted as “+”), loses (denoted as “—), and ties (denoted
as “=") of DEGPA and eDEGPA against the base algorithms of the SOCO test suite.

DEGPA eDEGPA
Dimension Algorithm + — = + — =
50 DEbin 14 3 2 14 3 2
DEexp 9 6 4 9 7 3
CHC 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0
eDEGPA 6 10 3
100 DEpin 17 1 1 17 1 1
DEcxp 11 6 2 11 6 2
CHC 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0
eDEGPA 6 8 5
200 DEpin 17 1 1 17 1 1
DEexp 12 7 0 10 8 1
CHC 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0
eDEGPA 8 4 7
500 DEbpin 19 0 0 19 0 0
DEcxp 11 7 1 7 6 6
CHC 19 0 0 19 0 0
GCMAES n/a n/a n/a n/a n/a n/a
eDEGPA 8 4 7

the base algorithms in most of the test problems. Moreover, their numbers of wins
exhibited increasing trend with dimension. Another interesting observation is that
the best competitor, namely DE.,,. achieved in all cases less wins than DEGPA or
eDEGPA.

Excluding DEc,, eDEGPA had equal number of wins, loses, and ties with DEGPA
against the other algorithms, despite the fact that eDEGPA has additional self-adaptation
capabilities. Finally, the last line per dimension block in Table 3.1 reports the wins,
loses, and ties of eDEGPA against DEGPA. These comparisons verify the previous
observations on the superior performance of eDEGPA in lower dimension and its
decline in higher dimension as a result of the extra effort imposed by the dynamic
adaptation of the crossover operator type.

Figure. 3.5 illustrates some indicative trajectories of the parameter pairs in the
grid for four test problems (corresponding to lines of different colors). In the case
of eDEGPA, solid lines correspond to exponential crossover operators while dashed
lines correspond to binomial operators.

In the second phase of experimentation on the SOCO suite, DEGPA and eDEGPA

were compared to a number of different algorithms [42,67]. The comparisons were
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Figure 3.5: Trajectories of parameter pairs for DEGPA (up) and eDEGPA (down) for
four test problems indicated with different colors. All trajectories start on the grid
center (F,CR) = (0.5,0.5). For eDEGPA solid line indicates exponential crossover,
while dashed line stands for binomial crossover.

based on the average error values per algorithm and test function, which are re-
ported in Tables A.3 and A.4. The corresponding error values for the rest of the
algorithms are reproduced from the original sources [67]. Also, the results of DEGPA
and eDEGPA appear in both Tables A.3 and A.4 to facilitate comparisons.

The number of test problems where DEGPA and eDEGPA achieved non-inferior
(equal or better) or inferior (worse) average errors than the other algorithms is graph-
ically illustrated in Fig. 3.6 and reported in Table 3.2, offering some interesting
information. On the one hand, we can see that DEGPA and eDEGPA have similarly-

shaped lines, which implies consistent performance against the rest of the algorithms.
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Figure 3.6: Number of test problems where DEGPA (up) and eDEGPA (down)
achieved equal or better average error than different algorithms on the SOCO suite,
for dimension n = 50, 100, 200, and 500.

Nevertheless, it can be observed that DEGPA retains its performance as dimension in-
creases (overlapping lines), while eDEGPA exhibits declining behavior, with plot lines
of higher dimension being enclosed by the lines of lower dimensions. This verifies
the previous interpretation that it is the outcome of additional computational require-
ments. Nevertheless, it worths noting that the proposed approaches achieved highly
competitive performance also to non-DE algorithms, such as PSO-based approaches,
MA-SSW-Chains, EvoPROpt, EM323, and VXQR1, in all dimensions.
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Table 3.2: Number of problems where DEGPA/eDEGPA exhibited inferior or non-
inferior average error values than the competitor algorithms.

Non-Inferior Inferior
Dim. Dim.
Algorithm 50 100 200 500 50 100 200 500
DEGPA
EvoPROpt 18 18 18 17 1 1 1 2
EM323 13 13 12 17 6 6 7 2
SOUPDE 8 8 9 8 11 11 10 11
DE-D*04+M™ 11 11 11 10 8 8 8 9
GODE 8 9 8 9 11 10 11 10
MA-SSW-Chains 14 15 17 16 5 4 2 3
GaDE 9 9 8 8 10 10 11 11
RPSO-vm 17 16 17 17 2 3 2 2
jDElscop 8 8 7 9 11 11 12 10
SaDE-MMTS 11 11 11 12 8 8 7 5
MOS 9 8 7 8 10 11 12 11
Tuned IPSOLS 13 12 12 13 6 7 7 6
VXQR1 15 16 15 16 4 3 4 3
eDEGPA
EvoPROpt 17 17 16 15 2 2 3 4
EM323 13 13 12 10 6 6 7 9
SOUPDE 10 8 7 4 9 11 12 15
DE-D*+M™ 13 10 9 6 6 9 10 13
GODE 10 8 7 4 9 11 12 15
MA-SSW-Chains 13 13 13 10 6 6 6 9
GaDE 11 9 6 4 8 10 13 15
RPSO-vm 18 17 17 11 1 2 2 8
jDElscop 10 8 6 4 9 11 13 15
SaDE-MMTS 12 11 9 8 7 8 10 11
MOS 11 8 6 3 8 11 13 16
Tuned IPSOLS 13 12 11 7 6 7 8 12
VXQR1 15 16 15 10 4 3 4 9

3.3.2 Online Adaptation of Scalar Parameters and Mutation Op-

erator

In a second round of experiments with DE on the SOCO suite, the mutation operator
was adapted along with the scalar control parameters using the GPAM* method [68].
The mutation operator defines the scheme that generates new search directions, hence,
affecting the sampling dynamics of DE. For example, operators that involve the best
individual, z4, have been associated with rapid convergence but they are also more
prone to get stuck in local minimizers. On the other hand, operators with purely
random selection of the involved vectors have been shown to promote diversity.
Also, the use of one or two difference vectors may have impact on the algorithm’s

performance.
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Figure 3.7: Bridging parallel grids through populations with different mutation op-
erators.

In this framework, the eDEGPA scheme was considered with the exception that
the adapted discrete parameter is the mutation operator, selected among the five
operators defined in Egs. (2.3)-(2.7). This requires the use of additional bridging
populations besides the one defined in the previous eDEGPA implementation. The
additional populations inherit the primary population and its parameters, but assume
different mutation operator. Thus, they allow for exploration on multiple parallel grids
of the scalar parameters, each one corresponding to a different mutation operator as
illustrated in Fig. 3.7.

The proposed variant is henceforth called DE with Grid-based Parameter and Op-
erator Adaptation (DEGPOA), and it closely follows the general GPAM* scheme of
Algorithm 3.2. DEGPOA requires 9 secondary populations for the performance es-
timation under different parameter pairs (F, CR), as well as 4 additional secondary
(bridging) populations that carry the same scalar parameter pair as the primary one,
but with different mutation operators. Thus, a total of 13 secondary populations are
needed for the application of DEGPOA.

The algorithm is initialized with a primary population assuming the initial pa-
rameters (F,CR) = (0.5,0.5) and a random initial mutation operator. The primary
population is evolved for t,,; iterations (dynamic’s deployment phase). Then, it is
copied to the 9 secondary populations of its own scalar parameter grid, exactly as
for eDEGPA in the previous section. However, in DEGPOA the primary population
is also copied in the 4 bridging populations, which assume same scalar parameters

but different mutation operator than the primary population. For example, if the pri-
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mary population has the initial parameters mentioned above and uses the DE/Rand/1
operator, then the bridging populations would assume the same scalar parameters
(F',CR") = (F,CR) = (0.5,0.5), but the DE/best/1, DE/Current-to-Best, DE/Rand/2,
and DE/best/2 operators, respectively.

After that, each secondary population is evolved for ¢, iterations (performance
estimation phase). The best secondary population is selected to replace the primary
population along with its parameters and mutation operator. This procedure can
be viewed as jumping from the one mutation operator’s grid to another. The new
primary population initiates a new cycle of the algorithm with a new dynamic’s
deployment phase and so on.

The selection of the primary population’s initial mutation operator can be done
in two ways. If an operator is known to perform well in the given problem, it is a
reasonable choice to prefer it as the initial one. On the other hand, the initial operator
can be randomly selected in absence of any relevant information.

Another issue that requires further investigation is the performance measure used
for the assessment of the secondary populations. In [64] the AOV measure of Eq. (3.3)
was used, because it is less sensitive to temporary performance improvements that
may be caused by the rapid convergence to local minimizers (especially from the
greedier operators). However, AOV exploits solely the objective value and neglets di-
versity, which is the main aspect of DE affected by the adapted mutation operator.
In order to include diversity in the evaluation criteria, an additional, diversity-based
performance measure, namely the objective value standard deviation (OVSD) was con-

sidered. For a population P of size N, OVSD is defined as:

N
op =\ v (F@)~Fp),  wmeP (3.8)
=1

where fp is the AOV defined in Eq. (3.3). OVSD measures the diversity of the ob-
jective values of the population and can be used as a rapidly calculated indicator of
population’s diversity. Higher values of OVSD can be associated to higher diversity,
which is preferable for alleviating premature convergence.

The concurrent use of two performance measures is rather simple and draws
ideas from the concept of Pareto dominance in multi-objective optimization. Specifi-

cally, after the execution of ¢, iterations by all secondary populations (including the
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bridging populations), their (AOV, OVSD) pairs,

(fTseca Usec)a

are recorded and stored in an external archive. Then, the non-dominated pairs, in
terms of Pareto dominance, are identified. The non-dominated pairs are incomparable
among them, since they are superior in the one performance criterion but inferior in
the other. The final selection can be made either randomly among the non-dominated
pairs or with respect to the overall best value of the corresponding secondary pop-
ulations. The required time complexity for this procedure is negligible since there
are only 13 (AOV, OVSD) pairs in the archive. The DEGPOA variant with the two
performance measures will be henceforth denoted as eDEGPOA.

The DEGPOA and eDEGPOA algorithms were initially evaluated on the SOCO
test suite, following closely the settings previously described for DEGPA. Specifically,
a fixed population size N = 60 was assumed, and the initial parameter pair in all runs
was set to the center of the grid, (F, CR) = (0.5, 0.5). Both approaches used exponential
crossover, which was proved to be the best one also in [42,64]. Regarding the rest of

the parameters, the values,
_ _10-2
tsec - 107 Emin = 10 )

were used, while ¢,,; was linearly adapted between its minimum and maximum val-
ues:

tmin

max
pri t

pri

=10 x n, =14 x n,

according to the suggestions in Section 3.2.1 [64].

The experimental assessment consisted of two phases. In the first phase, full sta-
tistical comparisons between DEGPOA, eDEGPOA, and the base algorithms of the
SOCO suite were conducted. In the second phase, comparisons of the average per-
formance were made against the rest of the algorithms reported in the test suite.
The base algorithms were applied again using the source codes and settings reported
in Section 3.3.1. The obtained solution errors were recorder for all algorithms and
test problems. The mean and standard deviations of solution values are reported in
Tables A.5 and A.6.

The results clearly show that both DEGPOA and eDEGPOA are very competitive
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Table 3.3: Number of wins (4), losses (—), and draws (=) of DEGPOA and eDEGPOA
against the base algorithms.

DEGPOA eDEGPOA
Dimension Algorithm + — = + — =
50 DEpin 14 3 2 13 3 3
DEexp 7 5 7 4 6 9
CHC 18 0 1 19 0 0
GCMAES 16 3 0 16 3 0
100 DEbin 17 1 1 17 1 1
DEexp 7 5 7 5 7 7
CHC 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0
200 DEbin 17 1 1 17 1 1
DEexp 8 6 5 8 5 6
CHC 19 0 0 19 0 0
GCMAES 16 3 0 14 3 2
500 DEbin 19 0 0 19 0 0
DEcxp 8 7 4 11 6 2
CHC 19 0 0 19 0 0
GCMAES n/a n/a n/a n/a n/a n/a

against the base algorithms. They outperformed DEy;,, CHC, and GCMAES in almost
all test problems and dimensions. Also, they exhibited remarkable competitiveness
against DE..,, which was recognized as the best-performing base algorithm in the
SOCO suite [42].

In order to statistically verity the observed performance differences with the base
algorithms, pairwise Wilcoxon rank-sum tests at confidence level 95% were conducted
again for all test functions. Each favorable comparison was counted as a win for the
algorithm and denoted as “+4”. Negative comparisons were counted as losses and
denoted as “—”’, while draws were denoted as “="". Table 3.3 summarizes the number
of wins, losses, and draws of DEGPOA and eDEGPOA against the base algorithms.

An interesting observation is that, as dimension increases, both DEGPOA and
eDEGPOA exhibit higher number of wins against the best-performing competitor
algorithm, namely DEc,,. Moreover, the diversity-promoting eDEGPOA variant has
marginal differences with DEGPOA, although it improves its performance as dimen-
sion increases. This is an indication that the online adaptation mechanism of DEGPOA
is capable of preserving diversity even without the use of specialized mechanisms or
diversity-oriented performance measures.

The second phase of experimental analysis included comparisons of expected
performance against the rest of the SOCO suite’s algorithms [42,67]. The comparisons

were based on the algorithms’ average errors provided in their original sources [67].
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Table 3.4: Number of problems where DEGPOA and eDEGPOA exhibited inferior
and non-inferior average solution values against different algorithms for the SOCO
suite.

Non-Inferior Inferior
(Dim.) (Dim.)
50 100 200 500 50 100 200 500
DEGPOA
EvoPROpt 17 17 17 16 2 2 2 3
EM323 9 9 10 12 10 10 9 7
SOUPDE 6 6 7 7 13 13 12 12
DE-D*+M™ 6 7 8 8 13 12 11 11
GODE 6 6 7 7 13 13 12 12
MA-SSW-Chains 1 13 16 16 8 6 3 3
GaDE 7 7 8 7 12 12 11 12
RPSO-vm 13 13 16 16 6 6 3 3
jDElscop 6 6 7 7 13 13 12 12
SaDE-MMTS 7 7 9 11 12 12 10 8
MOS 7 6 7 7 12 13 12 12
Tuned IPSOLS 1 10 12 12 8 9 7 7
VXQR1 12 13 15 15 7 6 4 4
eDEGPOA

EvoPROpt 17 17 16 17 2 2 3 2
EM323 9 10 12 16 10 9 7 3
SOUPDE 6 6 8 9 13 13 11 10
DE-D*+M™ 7 8 9 11 12 11 10 8
GODE 6 7 8 9 13 12 11 10
MA-SSW-Chains 1 13 16 16 8 6 3 3
GaDE 7 7 8 7 12 12 11 12
RPSO-vm 14 14 16 16 5 5 3 3
jDElscop 6 6 7 9 13 13 12 10
SaDE-MMTS 7 8 9 12 12 11 10 7
MOS 7 7 7 7 12 12 12 12
Tuned IPSOLS 1 9 12 12 8 10 7 7
VXQR1 13 14 15 15 6 5 4 4

Table 3.4 reports the number of test problems were DEGPOA and eDEGPOA exhibited
non-inferior or inferior average error values from the rest of the algorithms. Again, it
is confirmed that both algorithms have similar non-inferior performance. However, as
dimension increases, eDEGPOA has marginally better performance. It worths noting
that both algorithms outperform also non-DE algorithms, such as EvoPROpt, MA-
SSW-Chains, RPRSO-vm, Tuned IPSOLS and VXQR1, in all dimensions.

Since the selection of mutation operator is a central topic even for low-dimensional
problems, the study was extended by applying the proposed DE approaches on the
established CEC-2013 suite [69]. Although lower dimensions are also included in the
test suite, only the challenging n = 30 and n = 50 cases were considered. The available

computational budget, as dictated by the test suite, was equal to ¢ = 10000 xn, function
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Table 3.5: Statistical comparisons between DEGPOA and standard DE on the CEC-
2013 test problems.

Dimension
30 50
DEGPOA02 Vs + — = + — =
DE; 16 4 8 15 4 9
DEs 12 8 8 14 8 6
DE3 19 3 6 20 6 2
DE4 12 6 10 12 8 8
DEj 12 7 9 14 9 5
DEGPOAg 5 vs + — = + — =
DE; 18 1 9 18 2 8
DE, 18 5 5 22 3 3
DE3 17 5 6 17 5 6
DE4 19 4 4 20 3 5
DEj5 19 5 4 24 3 1
DEGPOAog VS =+ — = —+ — =
DE; 13 6 9 14 9 5
DE, 15 6 7 18 6 4
DE3 13 7 8 16 7 5
DE4 20 4 4 19 5 4
DEs5 20 3 5 22 2 4
“+” denotes wins; “—”" denotes losses; “="" denotes ties.

evaluations. The performance criterion for the algorithms was the objective value
error defined in Eq. (2.13). Following the CEC-2013 setting [58], fixed population
size N = 60 was used for the algorithms, and 51 independent experiments were
conducted per problem and algorithm. The settings of the test suite were closely
followed in order to achieve results comparable to the rest of the algorithms reported
in [58,70].

The initial primary parameter pair of DEGPOA and eDEGPOA was set as previ-
ously at the central grid point (¥, CR) = (0.5,0.5), while the initial mutation operator
at each experiment was randomly selected from the ones in Egs. (2.3)-(2.7). These
variants are henceforth denoted as DEGPOA;; and eDEGPOA,;, respectively. In
addition, the cases of different initial pairs closer to their bound, namely, (F,CR) =
(0.2,0.2), (F,CR) = (0.8,0.8), were also considered to investigate possible performance
fluctuations related to the initial setting. The corresponding algorithms are henceforth
denoted as DEGPOA 3, eDEGPOA( 2, DEGPOA s, and eDEGPOA, g, respectively. In
all cases, exponential crossover was used according to the previous analysis. Also, the
values t,.. = 5, and emin = 1072 (optional parameter) were adopted [64], along with

the linearly increasing t,,; in the range [10 x n, 14 X n|.
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Table 3.6: Statistical comparisons between eDEGPOA and standard DE on the CEC-
2013 test problems.

Dimension
30 50
eDEGPOAg > vs + - = + — =
DE; 14 2 12 21 2 5
DE, 12 7 9 20 4 4
DE; 20 3 5 21 6 1
DE4 13 7 8 20 2 6
DE; 12 9 7 21 4 3
eDEGPOA( 5 vs + — = + - =
DE; 16 1 11 15 1 12
DE, 18 4 6 20 3 5
DE3 15 3 10 14 5 9
DE4 21 3 4 18 3 7
DEs; 20 5 3 23 3 2
eDEGPOAog VS + — = + - =
DE; 15 2 11 19 1 8
DE, 19 1 8 21 1 6
DE3 16 2 10 17 1 10
DE4 25 1 2 25 1 2
DE; 23 1 4 26 1 1
“+” denotes wins; “—”" denotes losses; “="" denotes ties.

All DEGPOA and eDEGPOA variants were applied on the CEC-2013 test suite
according to the aforementioned settings. Their results were recorded and statis-
tically analyzed in order to facilitate comparisons with a number of adaptive and
non-adaptive algorithms. The results of the competitor algorithms were adopted di-
rectly from the relevant sources [59]. It shall be noted that these results refer to
already tuned versions of the competitor algorithms. On the other hand, DEGPOA
and eDEGPOA do not apply any preprocessing procedure or preliminary experi-
mentation. Moreover, the computational budget for the CEC-2013 problems is quite
restrictive. This renders the benchmarking even more challenging.

The performance comparisons were based on Wilcoxon rank-sum tests at confi-
dence level 95% of the achieved solution errors between DEGPOA, eDEGPOA, and
the following ten algorithms: SMADE [71], TLBSaDE [72], JANDE [73], DE_APC [74],
TPC-GA [75], PVADE [76], CDASA [77], and PLES [78]. For completeness purpose,
all standard variants of DE with mutation operators reported in Egs. (2.3)-(2.7) were
also included in the competitor algorithms. For each comparison, a win was counted
for DEGPOA or eDEGPOA whenever it achieved statistically superior performance

than the competitor algorithm. In the opposite case, a loss was counted. Statistically
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insignificant differences between algorithms were considered as ties.

Tables 3.5 and 3.6 report the number of wins, losses, and ties for DEGPOA and
eDEGPOA, respectively, against the corresponding standard DE algorithms. Note that
each standard DE algorithm adopted the same parameter values as the initial parame-
ter setting of the competing DEGPOA/eDEGPOA approach. As we can see in Table 3.5,
the DEGPOA approaches outperformed all standard DE algorithms regardless of the
initial parameter setting. This indicates that the observed improvements from the use
of the grid-based parameter adaptation are not highly affected by the initial param-
eter setting. Instead, DEGPOA was capable of tuning the algorithm regardless of the
initial parameters and operator, achieving far better results than the corresponding
DE algorithm with the same configuration.

Interestingly, we can notice that the average number of wins for DEGPOA increases
with dimension. Indeed, for the 50-dimensional problems the average numbers of
wins for the three DEGPOA algorithms was equal to 15.0, 20.2, and 17.8, while the
corresponding numbers for the 30-dimensional problems were 14.2, 18.2, and 16.2.
This evidence suggests that the search stagnation of DE in higher dimensions can be
ameliorated through the proposed parameter tuning. Similar results were obtained
for eDEGPOA, with average numbers of wins equal to 14.2, 18.0, and 19.6 for the
30-dimensional problems, and 20.6, 18.0, and 21.6, for the 50-dimensional cases. All
average numbers of wins are graphically illustrated in Fig. 3.8.

In the same vein, Tables 3.7 and 3.8 report results from statistical comparisons
of DEGPOA and eDEGPOA with other algorithms. Among them are included top-
performing algorithms for the CEC-2013 test suite, with their parameters being al-
ready tuned. Especially the (e)DEGPOA, and (e)DEGPOA ;5 approaches were able
to achieve same or higher number of wins than half or more of the rest of the algo-
rithms, with better results being achieved in problem of higher dimension. Indeed, for
the three DEGPOA algorithms the average numbers of wins were equal to 10.9, 11.5,
and 8.0, in the 30-dimensional problems, while the corresponding numbers for the
50-dimensional case were 12.5, 13.1, and 9.4. Similarly, eDEGPOA variants achieved
10.6, 11.2, and 9.6 wins on average in the 30-dimensional case, and 11.5, 11.6, and
10.8 wins on average for the 50-dimensional case. For completeness purposes, the av-
erage solution errors achieved by the best-performing DEGPOA; and eDEGPOA, ;
approaches are reported in Tables A.7-A.9.

Finally, the six variants of the proposed approach were compared among them.
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Figure 3.8: Average number of wins of DEGPOA and eDEGPOA against the standard
DE algorithms.

For visualization purpose, a rank was calculated for each algorithm, defined as the
difference between its total number of wins, w,, and its total number of losses, [,

achieved in all comparisons, i.e.,
rank(alg) = waig — laig-

Since each algorithm is compared to five other algorithms on 28 test problems, it
holds that
0 < walga lalg < 1407

and, hence,

—140 < rank(alg) < 140.

Figure 3.9 illustrates the ranks for all DEGPOA and eDEGPOA algorithms, where we
can see that DEGPOA, ; and eDEGPOA 5 clearly dominated the rest. This is a direct
consequence of their better initial parameter pair, (¥, CR) = (0.5,0.5), which proved
to be better than the other two (distant) initial pairs. Note that the standard DE with
these parameters exhibited inferior performance than all DEGPOA and eDEGPOA

approaches. This implies that, even under defective initial parameters, the grid-based
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Table 3.7: Statistical comparisons between DEGPOA and other algorithms on the
CEC-2013 test problems.

Dimension
30 50
DEGPOA02 VS + — = + — =
SMADE 6 16 6 9 15 4
TLBSaDE 8 13 7 11 14 3
JANDE 6 18 4 9 17 2
DE_APC 11 12 5 12 12 4
TPC-GA 11 9 8 13 10 5
PVADE 10 14 4 13 13 2
CDASA 13 8 7 11 12 5
PLES 22 1 5 22 4 2
DEGPOA05 VS + - = + - =
SMADE 7 15 6 9 15 4
TLBSaDE 9 12 7 9 13 6
JANDE 6 17 5 13 13 2
DE_APC 11 12 5 11 12 5
TPC-GA 11 9 8 13 9 6
PVADE 11 12 5 15 11 2
CDASA 14 8 6 14 11 3
PLES 23 1 4 21 2 5
DEGPOA( 5 vs + — = + — =
SMADE 5 21 2 5 19 4
TLBSaDE 6 17 5 8 18 2
JANDE 0 21 7 1A 16 8
DE_APC 10 15 3 10 15 3
TPC-GA 10 15 3 12 12 4
PVADE 8 15 5 10 14 4
CDASA 9 12 7 9 13 6
PLES 16 7 5 17 8 3
“+” denotes wins; “—” denotes losses; “="" denotes ties.

adaptation method is highly beneficial for the algorithm. On the other hand, when
starting from a favorable parameter pair the proposed approach can significantly
boost performance.

Summarizing the experimental findings, although DEGPOA and eDEGPOA are
more suitable for computationally demanding high-dimensional problems, they both
exhibited very competitive performance against some of the most competitive adaptive
DE approaches such as SMADE, TLBSaDE, and JANDE. Moreover, all DEGPOA and
eDEGPOA approaches proved to be competitive against other DE-based approaches
such as DE_APC and PVADE, as well as against different algorithms such as TPC_GA,
CDASA, and PLES. This is a very promising result given that the proposed approaches
were assigned only the computational budget specified by the test suite with no addi-

tional preprocessing or preliminary experimentation. Moreover, previous observations
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Table 3.8: Statistical comparisons between eDEGPOA and other algorithms on the
CEC-2013 test problems.

Dimension
30 50
eDEGPOAg > vs + - = + - =
SMADE 6 16 6 7 15 6
TLBSaDE 8 13 7 11 13 4
JANDE 5 18 5 8 16 4
DE_APC 11 12 5 12 12 4
TPC-GA 11 10 7 12 10 6
PVADE 10 15 3 11 13 4
CDASA 12 9 7 11 13 4
PLES 22 2 4 20 5 3
eDEGPOAo5 VS + — = + — =
SMADE 6 17 5 9 15 4
TLBSaDE 8 14 6 9 13 6
JANDE 6 18 4 12 13 3
DE_APC 11 11 6 11 12 5
TPC-GA 11 10 7 13 9 6
PVADE 1 14 3 15 12 1
CDASA 15 9 4 13 12 3
PLES 22 1 5 21 3 4
eDEGPOA( 5 vs + — = + — =
SMADE 5 18 5 7 16 5
TLBSaDE 6 15 7 8 16 4
JANDE 4 19 5 7 17 4
DE_APC 10 13 5 11 13 4
TPC-GA 10 11 7 13 11 4
PVADE 11 12 5 12 10 6
CDASA 12 9 7 11 11 6
PLES 19 5 4 17 5 6
“+” denotes wins; “—" denotes losses; “=" denotes ties.

regarding performance improvement as dimension increases [64, 68] were also ver-
ified for the CEC-2013 test suite. This is observed especially for the 50-dimensional

test problems regardless of the initial parameter pair.

3.4 Preliminary Sensitivity Analysis

Similarly to all parameter adaptation methods, GPAM has a few user-defined parame-
ters. In this section, a preliminary sensitivity analysis of the method on its parameters
is offered [79]. For this purpose, the DEGPOA approach and the established CEC-
2013 suite were used, which offers an abundant variety of test problems. Several

levels of DEGPOA’s parameters are considered and their impact on the algorithm’s
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Figure 3.9: Ranks of the proposed algorithms in comparisons among them for the
30-dimensional case (upper figure) and the 50-dimensional case (lower figure).

performance is statistically analyzed, offering interesting conclusions.
Regarding the grid search parameters, the following values were adopted as default

choices in previous experiments:
tsec = 5, tpm‘ =10 x n, A= )\F = )\CR = 01, (39)

while the initial parameter vector was placed at the center of the grid, i.e., (F,CR) =
(0.5,0.5), and the initial mutation operator was randomly selected from the ones in
Egs. (2.3)-(2.7). This DEGPOA variant is henceforth denoted as DEGPOAy,.
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For the sensitivity study, we define the following sets for the three parameters:
Wi... = 1{5,10,15,20}, W, .= {5xn,10xn,15xn,20xn}, Wy = {0.05,0.1,0.15,0.2}.

The values of Eq. (3.9) were considered as the baseline for assessing the new settings.
DEGPOA was validated by changing one of its parameters to a different level from
the sets above, while keeping the rest of the parameters fixed to the baseline values.
This results in 12 new DEGPOA instances.

All experiments were conducted on the CEC-2013 test suite for the common cases
n = 10 and n = 30, following the guidelines of the test suite. In order to avoid bias
imposed by the initial parameters, the central parameter (F,CR) = (0.5,0.5) was used
in all cases.

Henceforth, the DEGPOAy,s is the baseline version of the algorithm, and the
rest are denoted with corresponding subscripts that reveal the parameter setting.
For example, the instance with t;, = 5, ¢, = 5 x n, and A = 0.05 is denoted as
DEGPOA5; 5, 0.05x-

The considered DEGPOA instances were compared among them using Wilcoxon
rank-sum tests at confidence level 95%, in terms of solution error. For each compar-
ison of a new instance with the baseline variant, a win was counted if it achieved
statistically superior performance than the baseline approach. In the opposite case, a
loss was counted, while statistically insignificant differences between algorithms were
considered as ties.

Table 3.9 reports the number of wins, losses, and ties of the new DEGPOA in-
stances against DEGPOAy,e. The fourth column denoted as “W-L” stands for the
difference between the number of wins and loses, which provides a general perfor-
mance trend of algorithm against the baseline. High positive values correspond to
an instance that has far better performance than the baseline, while negative values
imply inferior performance of the new instance. The next column denoted as ID
reports the index value

ID =28+ (W — L),

which characterizes the relevant performance of the corresponding DEGPOA instance
against the baseline over all 28 test problems. The last column of the table denoted

as NI is the normalized index,

NI=— 3.10
53" (3.10)
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Table 3.9: Comparisons of new DEGPOA instances with DEGPOAp,s.

n \Y L D W-L ID NI
ts modified
DEGPOA5; 10p 0.1x 10 0 0 28 0 28 1.00
DEGPOA5; 10p 0.1x 30 0 0 28 0 28 1.00
DEGPOA 05 10p_0.12 10 1 5 22 -4 24 0.86
DEGPOA 105 10p.0.12 30 1 2 25 -1 27 0.96
DEGPOA 55 10p.0.12 10 0 1 17 -1 17 0.61
DEGPOA 55 10p0.12 30 2 3 23 -1 27 0.96
DEGPOA20s_10p_0.12 10 1 12 15 -11 17 0.61
DEGPOA20;s 10p 0.12 30 4 7 17 -3 25 0.89
absolute sum: 31
t, modified
DEGPOA5; 55 0.1 10 0 4 24 -4 24 0.86
DEGPOA:; 55 0.1 30 0 2 26 -2 26 0.93
DEGPOA5; 10p 0.1x 10 0 0 28 0 28 1.00
DEGPOA5; 10p 0.1x 30 0 0 28 0 28 1.00
DEGPOA:s; 155 0.1x 10 1 1 26 0 28 1.00
DEGPOA5; 155 0.1x 30 1 0 27 1 29 1.04
DEGPOA5; 20p 0.1x 10 2 1 25 1 29 1.04
DEGPOA5; 20p.0.12 30 3 1 24 2 30 1.07
absolute sum: 10
A modified
DEGPOAs5;_10p_0.051 10 1 3 24 -2 26 0.93
DEGPOA5; 10p 0.051 30 1 2 25 -1 27 0.96
DEGPOA5; 10p 0.1x 10 0 0 28 0 28 1.00
DEGPOA5; 10p.0.1x 30 0 0 28 0 28 1.00
DEGPOAs; 10p 0.151 10 0 2 26 -2 26 0.93
DEGPOAs;_10p_0.151 30 2 0 26 2 30 1.07
DEGPOA:; 10p 0.22 10 0 6 22 -6 22 0.79
DEGPOA5; 10p 0.22 30 4 7 17 -3 25 0.89
absolute sum: 16

which offers a straightforward comparison measure between the competing algo-
rithms (rounded to 2 decimal digits). Obviously, NI = 1.00 when the two compared
algorithms have statistically equivalent performance (only ties in statistical tests),
while NI > 1.00 holds whenever the new DEGPOA instance is superior than the
baseline, and NI < 1.00 when it is inferior. Since 0 < ID < 56, the normalized index
is bounded in 0 < NI < 2.

In order to facilitate comparisons, Fig. 3.10 illustrates NI for the different param-
eter levels and dimensions. The gray bar stands for the performance of DEGPOAp,s,
while the blue bars refer to the corresponding new instances. The figures offer some
interesting conclusions. Firstly, we can see that ¢,.. can have significant impact on the
algorithm’s performance in lower dimension (n = 10) as illustrated in Fig. 3.10(a).

Specifically, smaller values of t,.. offer better overall performance, which implies that
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Figure 3.10: Values of the normalized index NI of Eq. (3.10) per dimension for the
parameters ¢, (cases (a) and (b)), ¢, (cases (¢) and (d)), and X (cases (e) and (f)).
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the estimations of the secondary populations are adequately accurate, sparing com-
putational budget for the dynamic’s deployment phase. On the other hand, in the
high-dimensional case (n = 30) depicted in Fig. 3.10(b), this effect becomes milder
as a direct consequence of the increased complexity of the problems, which requires
longer estimation runs. Nevertheless, the value t,.. = 5 that was used in previous
works [64] verifies its superiority for the specific dimensions.

Regarding the parameter ¢,,.;, as we see in Figs 3.10(c) and 3.10(d), values lower
than 10 x n produce inferior performance, implying that the number is inadequate
to reveal the primary population and parameters’ dynamic. Instead, higher values
are beneficial especially for the high-dimensional case. However, the effect remains
bounded within 10% of the corresponding baseline value even after doubling the value
of ¢,,;. This indicates that the effect of ¢,,; is not very significant for the algorithm’s
performance if the estimation evaluations ¢,.. retain a proper value. Recall that in all
experiments for different ¢,,; values, the default value t,.. = 5 was used.

For both ¢4, and t,,.;, the performance trend (improving or worsening) was ob-
served for both dimensions. However, this is not the case for the third parameter
A. Changing the discretization step from 0.1 to either lower or higher values pro-
duces inferior performance in the 10-dimensional case as illustrated in Fig. 3.10(e).
This motif changes in the high-dimensional case as illustrated in Fig. 3.10(f), where
slightly increasing A to 0.15 improves performance up to 7%, while different values
produce inferior performance of comparable magnitude. Notice that A\ determines
the search accuracy in the parameter space and has actual dependence both on the
algorithm as well as on the problem at hand. Thus, there is no clear explanation for
this behavior, which is probably the outcome of the interplay between the algorithm’s
dynamic with the specific parameters and the complexity of the problem itself.

The results show that DEGPOA can achieve stable performance under mild per-
turbations of the proposed default parameters. In order to identify the overall most
influential parameter for all DEGPOA instances, the sum of the absolute differences
W — L for each parameter were considered, as they are reported in Table 3.9. Then,
these three values were normalized by dividing with their sum, and the percentages
that are graphically represented in Fig 3.11 were received. Each normalized value
shows the participation of the corresponding parameter in the observed differences.
The blue color refers to the ¢,.. parameter, which proves to be the most influential

one, followed by A and t,,;.
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Figure 3.11: Overall impact of the parameters on algorithm’s performance.

3.5 Application on Particle Swarm Optimization

The proposed method is further demonstrated on the state-of-the-art PSO algo-
rithm [80]. The experiments were conducted using the high-dimensional SOCO suite.
GPAM is used to dynamically adapt the scalar parameters w, c;, c;, and the neigh-
borhood radius m of the Ibest PSO model during its run. The proposed approach is
henceforth called Particle Swarm Optimization with Parameter and Neighborhood Adapta-
tion (PSOPNA).

Initially, the search space of the scalar parameters of PSO defined. The ranges,
w € (0,1], 1,60 € (0,3],

commonly used in various applications are adopted from the relevant literature. These

ranges are discretized with predefined step sizes,
Aw = A¢; = A, = 0.1. (3.11)

Also, a set of possible (integer) values for the neighborhood radius m is defined. In

the current case, we consider,
m € {1,3,5,7,9}.

The GPAM* approach is used to handle m. Specifically, for each value of m, a 3-
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dimensional grid parameter space is defined as follows,
Gm = {(w,c1,c9); we {0.0,0.1,...,1.0},¢1,¢0 € {0.0,0.1,0.2,...,3.0}}.

The grid’s density can be increased by decreasing the step sizes in Eq. (3.11) if more
fine-grained parameter search is desirable. Each triplet (w, ¢1, ¢2) in the interior of G,,
has 6 immediate neighboring points along the 3 orthogonal directional axes.

The algorithm starts by randomly initializing a swarm, called the primary swarm
and denoted as S,,;, assuming an initial neighborhood radius m and a set of param-

eters (w, ¢y, ¢2) € G,. A reasonable initial choice is,
m=1, (w,c1,¢c)=(0.5,1.51.5),

but the algorithm works also for different choices as it will be shown later. The pri-
mary swarm is evolved for t,,;, = 10 xn iterations, following the setting of Section 3.2.1.
Then, the three main phases of GPAM* take place, namely cloning, performance estima-
tion, and dynamic deployment.

The primary swarm, along with its best positions, is copied into 7 secondary swarms,
Si,...,57, of same neighborhood radius m, each one assuming different scalar pa-

rameters as follows,

W =W+ Sy A, € =c1L+851 Ny, Ch=Co+ 53N,
1 1 2 2 (312)
Sw, S1, 82 € {—1,0,1}, |Sw| + [s1] + |s2| = 1 or 0.

Obviously, the case s,, = s; = sy = 0 corresponds to the parameter setting of the
primary swarm. Besides the 7 secondary swarms of same radius m, four additional
secondary (bridging) swarms, Ss, ..., 511, are considered, adopting the scalar param-
eters (w,cy, c2) of the primary swarm but for different neighborhood radius values,
ie., for m = 3,5,7, and 9. Intuitively, these secondary swarms define the bridges
from the 3-dimensional grid of m = 1 to the other grids, aiming at identifying a more
beneficial neighborhood radius for the algorithm.

All the 11 secondary swarms are then evolved for a small number of iterations,
tsee K tpri, according to the standard PSO procedure, updating also their best posi-
tions. These short runs reveal performance trends of the secondary swarms with their

assigned parameter settings. For time-efficiency purpose, the short runs can be ex-
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tended in parallel by evoking a separate thread for each individual secondary swarm,
thereby taking full advantage of modern multi-core computer systems. Following the
guidelines provided in previous sections, typical values for ¢,.. lie between 5 and 10
iterations.

After the short runs, for each secondary swarm S, the AOV performance measure
is computed on the best positions along with the OVSD defined in Egs. (3.3) and (3.8),

respectively. The obtained performance pairs,

(fi05), j=1,...,11,

are then compared in terms of Pareto dominance and the non-dominated ones are
selected. In order to further decide on one among the non-dominated secondary
swarms but also reduce the possibility of being misled due to temporarily extremal
(high or low) objective values, an additional diversity-oriented performance measure
computed for each non-dominated swarm can be considered.

Specifically, the secondary swarm that has the highest interquartile range (IQR) is
selected. IQR is a common statistical measure of variability, based on the division of

a data set into four equal quartiles. The data is sorted and the IQR is defined as,

IQR = Q3 — Q1,

where 1 and )3 specify the 1st and 3rd quartile of the data, respectively. In our case,
IQR is computed on the best positions’ values f (p;) of the non-dominated secondary
swarms. The secondary swarm with the highest IQR value is then selected in order
to retain search diversity.

The selected secondary swarm along with all its parameters becomes the primary
swarm, replacing the existing one. In order to make complete use of newly detected
best positions in the short runs, the overall bests of all the unselected secondary
swarms are also inserted into the new primary swarm, replacing equal number of
worst individuals. The new primary swarm is then evolved for ¢,,; iterations to fully
exploit the new parametrization.

The experimental evaluation of PSOPNA was conducted on the SOCO test suite
for dimensions n = 50, 100, 200, and 500, following the guidelines of the test suite as
in previous experiments with DE. Besides, the central point of the grid that was used

as the initial parameter vector, two extremal initial vectors, closer to the boundaries
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Table 3.10: Statistical comparisons of PSOPNA against plain PSO in SOCO suite.

PSOPNA 5/1.5 PSOPNAy /1.0 PSOPNA 5/2.0

Dimension  Algorithm  + — = + - = + - =

50 PSO 7 6 6 15 0 4 12 3 4

100 PSO 8 6 5 14 1 4 16 3 0

200 PSO 8 3 8 15 1 3 17 2 0

500 PSO 8 7 4 8 3 8 16 2 1
“+” denotes wins, “—" denotes losses, and “=" denotes ties

Table 3.11: Statistical comparisons of PSOPNA 5/, 5 against the base algorithms in
SOCO suite.

Dimension
50 100 200 500

+ — = + - = + - = + — =
DEpin 6 12 1 6 10 3 7 8 4 9 5 5
DEexp 3 13 3 2 17 0 1 15 3 6 12 1
CHC 10 4 ) 11 4 4 9 5 5} 17 1 1
GCMAES 14 3 2 13 4 2 13 5 1 n/a nfa  nj/a
“+” denotes wins, “—" denotes losses, and “=" denotes ties

of the grid, were also considered:
(w,c1,¢9) = (0.2,1.0,1.0), (w, ¢y, ) = (0.8,2.0,2.0).

The corresponding PSOPNA instances for the three initial parameter settings are
henceforth denoted as PSOPNA 5,1 5, PSOPNA 5,19, and PSOPNA 55 0.

The experimental assessment consisted of two phases. In the first phase, the three
PSOPNA instances were compared against their PSO counterparts with the corre-
sponding (fixed) parameter sets and neighborhood radius m = 1. Wilcoxon rank-sum
tests were conducted for each pair of algorithms at confidence level 95% for all test
problems. Similarly to previous analysis, a favorable comparison was counted as a
win for the PSOPNA approach and denoted with “+”. Respectively, negative compar-

b

isons are denoted with “—”, and ties (no statistical difference between the algorithms)
are denoted as “=".

Table 3.10 summarizes the results. We can see that for the two extremal initial
points PSOPNA dramatically improved the performance over the corresponding PSO

approaches. Note that the improvement was achieved without any additional prepro-
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cessing or preliminary experimentation. Even for the case of the near-optimal initial
parameter setting, the proposed approach achieved better or equivalent performance
in more than 60% of the problems. Also, we can see that increasing the dimension
from 50 to 500 does not radically change the observed performance, which is a trait
of nice scaling properties.

Table 3.11 reports the results of the second experimentation phase where the
PSOPNA, 5, 5 version is compared against the base algorithms of the test suite. The
specific PSOPNA approach was considered as it constitutes a common parameter
setting. PSOPNA was competitive against two of the base algorithms, namely CHC
and GCMAES, while it was outperformed by the DE variants. However, it shall be
noted that plain PSO was completely out of competition against all base algorithms,
while the dominant DE algorithm was shown to be the best one for the specific test
suite [67].

Moreover, it shall be emphasized that all base algorithms assumed their tuned
parameter settings for the considered test suite, while PSOPNA did not spend any
function evaluations on fine-tuning. Thus, in a completely fair comparison, PSOPNA
should be receiving also the additional computational budget that is spent by the
rest of the algorithms for their laborious fine-tuning. For completeness purpose, the
achieved averages and standard deviations of the obtained solution values of PSOPNA

and the base algorithms are reported in Tables A.10-A.11 for all test problems.

3.6 Synopsis

In this chapter, a general online parameter adaptation method based on grid search
was introduced. The verification of the proposed method was established on two state-
of-the-art metaheuristics, namely DE and PSO, attaining competitive performance
against other methods. DE was selected due to its known sensitivity on parameter
values that rendered their dynamic adaptation a challenging task, while PSO was
selected in order to demonstrate the method’s applicability on similar algorithms. The
efficiency of the proposed method was established on the two widely used test suites
that include both low-dimensional and high-dimensional problems, with significant
results. The results suggested that the proposed approaches can relieve the user from

the burden of parameter setting without loss in average performance. Furthermore,
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the proposed grid-based adaptation can be straightforwardly parallelized resulting in
significant gain in terms of running time.

A number of different performance criteria were also proposed in this chapter
in order to promote diversity and deter premature convergence of the grid-based
method. Similarly to other methods, the grid search has also a few (mostly optional)
user-defined parameters. In the last part of this chapter, a preliminary sensitivity
study of these parameters were examined. The results verify experimental evidence
regarding the method’s tolerance on its parameters as well as the efficiency of the

default proposed parameters.
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CHAPTER 4

NEwW GRADIENT-BASED PARAMETER

ApAPTATION METHOD WITH LINE SEARCH

4.1 Introduction

4.2 Proposed Method

4.3 Application on Differential Evolution

4.4 Application on Particle Swarm Optimization

4.5 Synopsis

This chapter presents an enhanced dynamic parameter adaptation method, motivated
by the grid-based approach presented in the previous chapter. It is based on estima-
tions of the algorithm’s performance using approximate gradients in the parameter
space and line search. The new method offers significant advantages compared to the

grid-based method and it is demonstrated on the two test suites previously used.

4.1 Introduction

A new general-purpose online parameter adaptation method that refines and im-
proves the grid-based approach is introduced. Its core mechanism lies in the re-

placement of the grid search presented in Chapter 3 with an approximate gradient
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search with line search in the parameter domain. This approach offers two signifi-
cant advantages against the grid. First, the search mechanism is allowed to perform
informative large steps in the parameter domain based on the line search procedure.
Second, the scalar parameters are not confined in a discretized subset of their do-
main, but they can assume continuous values. Moreover, this approach has inherent
parallelization properties. The proposed method is demonstrated on DE [9] on the
SOCO and CEC-2013 suites, as well as on PSO [11].

4.2 Proposed Method

The proposed approach, henceforth called Gradient-based Parameter Adaptation with
Line Search (GPALS) [81], draws inspiration from the GPAM parameter adaptation
method GPAM proposed in Chapter 3. In that case, the scalar parameter domain
is discretized forming a grid. In the general population-based algorithm model the
grid consists of all scalar parameter vectors (pi,pa, ..., pnp) in their corresponding
domains, using a fixed discretization step A > 0.

A limitation of the grid-based method is the constant step size A for the dis-
cretization of the parameter space. If A is small and better parameter values exist in a
specific direction in the parameter space, GPAM may need a large number of steps to
reach them. Conversely, if \ is too large then promising values may be overshot. Also,
the search directions are always restricted to the main axes directions and diagonal
moves. These issues motivated the development of the proposed GPALS approach,
where the grid is replaced by a dense parameter search space. In this framework,
trajectories of scalar parameter vectors are produced by following approximate gra-
dient directions in the parameter domain, while line search is used to determine a
suitable step size.

These procedures require estimations of the algorithm’s performance under dif-
ferent parameter settings. Similarly to GPAM, the estimations are based on short runs
of the algorithm under the corresponding parameter vectors. The runs can be con-
ducted either serially or in parallel. The main scheme of GPALS can be generalized
to any algorithm and arbitrary number of parameters.

The general population-based algorithm presented in Section 2.3 is used as an

example to describe a complete cycle of the proposed GPALS method. Consider the
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general optimization problem of Eq. (2.1), let N be the population size, and [/, u,,] be
prescribed ranges for the parameters pi, p, ..., p,p, respectively. Then, the parameter

domain is defined as

G - [lplvum] X [lmvupz] X oo X [lpnwupnp} .

GPALS assumes a primary population P,., sampled in the search space X of the
problem at hand. The primary population is assigned an initial parameter vector
po = (P10, P20, - - - » Pup.0)> Which can be either the central point of G or a randomly se-
lected one. Naturally, if additional information is available regarding the most promis-
ing parameter values (e.g., due to previous experimentation), the initial vector can be
properly adjusted.

After initialization, the primary population is evolved for ¢,,; iterations. According

to the presentation in the previous chapter, the default choice:
tpT‘i =10 x n,

is suggested, where n is the dimension of the optimization problem. In general, ¢,,;
shall be adequate for the algorithm to deploy its dynamic, but not too large in order
to avoid rapidly consuming the available computational budget.

For the evolved primary population with the current parameter vector p., the AOV
performance measure of Eq. (3.3) is computed. Then, three main procedures take
place, namely performance gradient estimation, line search, and dynamic deployment, which

are described below.

Performance Gradient Estimation

The gradient estimation phase aims at detecting a direction in the scalar parameter
space GG at which promising parameters of the algorithm exist. Such parameters shall
improve the current population in terms of the AOV performance criterion. For better
presentation, let us denote the AOV measure of population P after it has been evolved

for t iterations with parameter vector p. = (pic, .- -, Pnpc)s as:

HPpt) =y Y f@) 4.1)

(L’EP[p_C,t]
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Then the negative of the approximate gradient of H at p. is estimated by using the

symmetric difference formula

8H(PP7“i [ﬁCVt])
apl,c

OH (Ppri[pe,t])
8Pn;u,c

where the partial derivatives for the i-th parameter are defined as:
OH (Porilpe,t]) — H (Pprilpe + Aeis 1)) — H (Porilpe — Aey, 1))

_ =1,2,...
8pi’c 2A ) Z ) b 7np7

where ¢; = (0,...,0,1,0,...,0) is the i — th row of the np x np identify matrix.
The central difference estimation is preferred against the simple forward difference
formula due to its better accuracy, despite its requirement for two function evaluations
per estimation. In practice, the estimated quantities in the nominators are computed
by copying the primary population P, into 2np secondary populations, each one

assigned one of the 2np parameter vectors:
Pe FiNer, ..., Pe+ iXeny, ie{-1,+1}.

Each secondary population is evolved for a small number of iterations, ¢t = .., using
its assigned parameters. Based on the previous experience with GPAM (see Chapter
3), setting ts.. € [5,10] is suggested. The estimation of derivatives is adequate since
only local performance trends of the algorithm are needed. Moreover, the computed
gradient vectors are normalized to become unit vectors, in order to alleviate scaling
issues in the forthcoming steps.

The gradient estimation phase can be conducted either serially or in parallel.
In the serial case, the 2 x np secondary populations are sequentially evolved for
tsec iterations each, and their final AOV values are recorded. In the parallel case,
the procedure becomes more efficient by evolving each secondary population on a
different CPU. Obviously, further parallelization within each secondary population
(e.g., through fork-join procedures) can be used if additional CPUs are available.

Note that modern desktop systems usually offer eight CPUs or more.
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An arguable issue in the above procedure is the comparability of the estimated
performance (AOV) values of the secondary populations, This is due to the small
tsec number of iterations and the different sequences of random numbers used in
each. This may render questionable whether the observed performance differences
are the outcome of the different parameters or random fluctuations due to the different
sequences of randomly selected numbers. Such performance fluctuations may distort
the computed gradient directions in the parameter domain. In order to ameliorate
this effect, the secondary populations assume exactly the same sequence of random
numbers by seeding their random number generators with the same random seed
prior to each performance estimation phase. Thus, the parameter pairs become the
sole source of variability among the secondary populations in the simulations, thereby
providing comparable estimations.

Naturally, even in this case the performance estimations do not provide exact gra-
dient directions. However, the stochastic nature of population-based metaheuristics
shall be taken into consideration. Hence, possible advantages of using more accurate
gradient directions are most probably absorbed in the long-run due to the algorithm’s
stochasticity. Instead, the main purpose of using the gradient estimations is the identi-
fication of directions (or trends) in the parameter domain that seem to locally improve

the algorithm’s performance.

Line Search

The gradient estimation phase determines a direction in the parameter domain
that locally improves the algorithm’s performance. Given this direction, a mechanism
is needed to determine the corresponding step size. In mathematical optimization
this is typically addressed through line search. An estimation-based analogue of line
search is adopted in the proposed GPALS approach to refine the outcome of the
procedure described above.

Specifically, line search is used to determine the appropriate step size s > 0, in
the direction of the estimated gradients, which is used for the production of new

parameter vectors as follows:
Per1 = pe—sVH (Ppri [p_m t]) : (4.3)
For this purpose, the derivative-free line search algorithm proposed in [82] is adopted.
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Algorithm 4.1 Pseudocode of Bracketing and Bisection

1: Input: z (current point); [, u (bracketing scalars); g (gradient vector); G (param-
eters domain);
/* Bracketing */
[+ 0, u<+ 05
Yy x—ug
while (y € G) do
l+—u, v+ u+0.>5
Yy xr—ug
end while
/* Bisection */
while (u > [) do
0.5+ u)
Yy — g
if (y ¢ G) then
U
else
[ p
end if
: end while
184 05(+u)g
: return sy

N = S a = S s e e s e
IS R e ST AR N O ol

The specific approach is based on the Golden Section method and has rapid conver-

gence properties. For its application, four step size values are required,
S1 < S < 83 < Sy,

each one defining a different point in the parameter domain through Eq. (4.3). The
first value is taken as s; = 0 and corresponds to the current parameter vector p.. The

rest are defined according to the Golden Section approach as
s2=81 =74, sg=s1+74,

where A = s, —s;, and 7 = (v/5—1)/2. The step size s, corresponds to the intersection
point of the estimated direction with the boundary of the parameter domain G. Thus,
it is determined through a bracketing and bisection procedure, which is reported in
Algorithm 4.1 following the instructions in [82]. Note that this procedure does not
add any computational overhead in terms of function evaluations.

The line search iterates on the step sizes until a termination condition is met. This
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condition is related to the distance 0.5 (s4—s1). A reasonable choice is to terminate line
search when this quantity becomes smaller than the reference step size A used for the
gradient estimation. For a more thorough description of the line search procedure,
the reader is referred to [82].

The parameter vectors that correspond to the four step sizes in the line search
procedure are evaluated through short runs of four secondary populations, similarly
to the gradient estimation phase. Thus, four secondary populations, F; ., ..., P,,, are
initiated as copies of the primary population P,,;. Then, each step size s; is evaluated

by performing t,.. iterations on P, using the parameter vector:
psi = p_c — 5 VH (Psl [P_m tsec]) .

Eventually, line search provides a step size s* that corresponds to an improving
parameter pair:

Px = Pe — s*VH (Ps* [ﬁcy tsec]) ) (44)

where P;- is the corresponding secondary population. This parameter pair p. and its
corresponding secondary population P,- are used in the next phase of the method.
If all the estimated partial derivatives are almost zero within a prescribed tolerance
§ > 0 (107® is a typical value) for a parameter vector, then a local minimizer in the
parameter domain may have been reached. In this case, line search is temporarily
abandoned until at least one partial derivative becomes again higher than the pre-
scribed tolerance §. Note that, the gradients are still computed in every cycle of the
method because the evolved primary population may perform better with different
parameter values after some iterations. Alternatively, the parameter search procedure

can be restarted if adequate computational budget is still available.

Dynamic Deployment Phase

In this phase, the best-performing secondary population P;« becomes the primary
population, and its parameter vector p, replaces the current parameter vector p. if

adequate performance improvement is achieved, i.e.,
H (Ppri[ﬁcat]) - H(Ps*[ﬁ*at]) > emin 2 07
where 0, is the smallest acceptable improvement (this is an optional parameter) and
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Algorithm 4.2 Workflow of the proposed GPALS method

1: Initialize()
2: Evolve-Population()
3: while (not termination) do

4: /* Performance Gradient Estimation */
5.  Gradient-Estimation()

6: Normalization()

7. /* Line Search */

8:  Bracketing()

9:

Golden-Section()

10:  /* Dynamic Deployment */
11:  Update-Population()

12:  Evolve-Population()

13: end while

t equals to either t,.. or t,,. This step completes the GPALS cycle, and a new cycle
begins by performing t,,; iterations on the new primary population with the new
parameter pair. In case of insufficient improvement from the secondary poulations,
the new cycle retains the previous primary population and parameter pair. In any
case, the new primary population inherits the best individuals of all secondary popu-
lations. Thus, good solutions that may be sampled during the performance estimation
procedure are not neglected.

The GPALS workflow is outlined in Algorithm 4.2 and graphically illustrated
in Fig. 4.1. If N denotes the population size and n the problem dimension, the
general population-based algorithm requires /N x n memory positions while GPALS
require 5 X N x n. For a typical population size of hundreds (or even thousands) of
individuals, this increase is bearable in modern desktop systems. Moreover, the new
approach does not add in terms of computational burden since it is desired to use
exactly the same budget of function evaluations as the plain algorithm. The gradient
estimation and the line search add a fixed amount of operations, while the ratio of
calls to the random number generator over the function evaluations is the same as for
the standard algorithm. Thus, there are no time-consuming procedures introduced
by GPALS.

Presumably the most critical part of the method is the estimation phase, especially
the length of the short runs, followed by the dynamic deployment phase. Both these
procedures are strongly based on the available computational budget. Subsequently
follows the gradient step size A, which is completely related to the algorithm and

the desirable level of search granularity in the parameter domain. In the following
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Figure 4.1: Graphical illustration of the GPALS method.

paragraphs, the general GPALS scheme demonstrated on DE and PSO, providing

interesting results.

4.3 Application on Differential Evolution

The proposed GPALS method is demonstrated on the state-of-the-art DE algorithm
for adapting its scalar parameters. The derived algorithm is henceforth denoted as
GPALS-DE. The experiments were conducted on the two established test suites SOCO
and CEC-2013 [81].

Consider the general optimization problem of Eq. (2.1), and N be the population
size. Then, the parameter domain for the parameters I’ and CR, with prescribed

ranges [Fiin, Finax), [CRmin, CRmax| respectively, is defined as:
G = [Fmim Fmax] X [CRmin; C'17:{mf51x] .

The primary population is assigned a current parameter pair (F.,CR,) € G.
After initialization, the primary population is evolved for ¢ = ¢,,; iterations. The
suggested value ¢,,; = 10 x n, where n is the dimension of the considered optimization

problem, is used. For the evolved primary population with the current parameter
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pair, the AOV performance measure H (P,.;[(F.,CR,),t]) is computed according to
Eq. (4.1).

Then, the negative approximate gradient of H at (F., CR.) is computed as:

OH (Pyril (FeyCRe) )
oF.
— VH (Pyi[(Fe, CR,),t]) = — : (4.5)
OH (Pyri[(Fe,CR) 1))
9CR.

where the partial derivatives are given as:

OH (Pyr|(Fo CR)H]) _ H (Pyrl(Fe + M. CR). 1)) = H (Pl (F. = ACR).A)) (o
OF., a 2\ ’ ’

and

aH (Ppri[(Fm CRC)’ t]) _ H (P’prz’[(Fca ORC + /\)v t]) —H (Pprz’[(Fca CRC - A)at]) (4 7)
ICR. B 2\ ' '

according to Eq. (4.3). The estimated quantities in the nominators are computed by
copying the primary population P into four secondary populations, each one assigned

one of the four parameter pairs
(F.+1i)\CR,.), (F.,CR. 4+ 1), ie{-1,+1}.

Each secondary population is then evolved for a small number of iterations, ¢ =
tsec, USINg its assigned parameter pair. In the current implementation, t,.. = 10 was
used following the suggestion in the previous chapter. Also, A = 0.1 was used as
the standard step size for the gradient estimation, since DE gives only marginal
performance differences under smaller perturbation of its parameters [64,79].

Following the general form of GPALS, line search is used to determine the appro-
priate step size s > (. Specifically, in GPALS-DE the new parameter pair is generated
as follows:

(F,CR) = (F.,CR.) — sVH (P|(F,,CR,),1]). (4.8)

For the application of the derivative-free line search algorithm, four step size values
are required,

S1 < S < 83 < 8y,

each one defining a different point in the parameter domain through Eq. (4.8). The
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step sizes are determined following the procedure described in the previous section.

The line search iterates on the step sizes until a termination condition is met. The
condition is related to the distance 0.5 (s4 — s1), and specifically when this becomes
lower than the step size \. The four secondary populations, P, ..., F;,, are initiated as
copies of the primary population P. Then, each step size s; is evaluated by performing
lsec iterations on P;,, using the parameter pair:

(Fs;, CRs,) = (F, CR.) — 8, VH (Ps,[(Fe, CR.), tsec]) -

Eventually, line search provides a step size s* that corresponds to the improving

parameter pair:
(F*,CR*) = (F,,CR,) — §* VH (Py-[(F., CR.), tsec]) - (4.9)

This parameter pair and its corresponding secondary population P« become the

primary population if adequate performance improvement is achieved, i.e.,
H (PPTi[(FC’ CRC)atD -H (Ps*[(F*a CR*) at]) > emin > 07

where 0y is the smallest acceptable improvement and t equals to either ¢, or ;.
This step completes the GPALS-DE cycle, and a new cycle begins by performing ¢,,;
iterations with the new primary population and the new parameter pair. In case
of insufficient improvement from the secondary populations, the new cycle retains
the previous primary population and parameter pair. In any case, the new primary
population inherits the best individuals of all secondary populations.

Sample trajectories of DE’s scalar parameters for two test problems are illustrated
in Fig. 4.2. The estimated gradient directions are shown in red dashed lines, while
two different parameter trajectories appear in darker colors with different markers
denoting different problems.

The first experimental assessment was conducted on the SOCO test suite. Accord-
ing to the suggestions in previous sections, the parameters of GPALS assumed the

following values in all experiments:

tpri =10 X 0, tee=10, A=01, &§=10"%
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Figure 4.2: Sample trajectories of the DE’s parameters for two test functions.

The available computational budget, as dictated by the test suite, was equal t0 gmax =
10000 x n function evaluations, while the performance criterion for the algorithms
was the objective value error as defined in Eq. (2.13).

The GPALS-DE algorithm adopted the exact settings of the base DE algorithm in
the test suite [57]. Specifically, it was based on the exponential crossover operator with
the DE/rand/1 mutation operator (see Eq. (2.4)), and population size N = 60. For
each test problem, 25 independent experiments were conducted, recording the best
solution that was detected within the available computational budget gmax. Following
the experimental setup of GPAM in the previous chapter, the initial parameters were
selected in the center of the search space. However, additional experiments with
extremal parameter pairs were also conducted. It shall be noted that the competitor
algorithms were again already tuned for the test suite, while the proposed GPALS-DE
algorithm assumed no prior information.

The DE parameters F' and CR are usually set in the range (0, 1] [8], hence, the

parameter domain is defined as:
G = (0,1] x (0,1]. (4.10)

GPALS-DE was initially tested using the central initial parameter pair (F,CR) =
(0.5,0.5). The extreme initial pairs (F,CR) = (0.2,0.2) and (F,CR) = (0.8,0.8) were
subsequently investigated. These approaches are henceforth denoted as GPALS-DEj s,
GPALS-DE,», and GPALS-DE s, respectively.
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Table 4.1: Statistical comparisons between the three GPALS-DE variants and the base
algorithms for the SOCO test suite.

GPALS-DE 5 GPALS-DE 5 GPALS-DEg g
Dim. Algorithm + - = + - = + - =
50 DEpin 15 3 1 14 3 2 13 3 3
DEexp 10 5 4 11 6 2 4 8 7
CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0 16 3 0
100 DEpin 17 1 1 17 1 1 17 1 1
DEcxp 13 4 2 12 4 3 10 6 3
CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0 16 3 0
200 DEpin 17 1 1 17 1 1 17 1 1
DEcxp 13 4 2 14 4 1 13 6 0
CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 17 2 0 16 3 0
500 DEbin 19 0 0 19 0 0 19 0 0
DEcxp 13 5 1 11 4 4 13 6 0
CHC 19 0 0 19 0 0 19 0 0
GCMAES n/a n/a n/a n/a n/a n/a n/a n/a n/a

The average error and the standard deviation per test problem for the three
GPALS-DE variants and the base algorithms of the test suite are reported in Ta-
bles B.1-B.4 of Appendix B for all dimensions. In order to verify the significance
of the observed performance differences and facilitate the extraction of sound con-
clusions, Wilcoxon rank-sum tests were conducted, according to the settings in the
previous chapter.

The obtained results are reported in Table 4.1 where wins, losses, and ties are

b

denoted as “+7, “—7, and “=", respectively. The GPALS-DE variants clearly outper-
formed the base algorithms in all dimensions with one exception, namely GPALS-
DEy s which slightly deviated from this performance only for the lowest dimension
n = 50. In that case, it was outperformed by the fine-tuned DE.,, algorithm, which is
reported to be the best-performing algorithm in the test suite repository. This short-
coming of GPALS-DE g can be attributed to the specific initial parameter pair, which
reduces the convergence speed of DE in the specific test problems (similar findings
were discovered for GPAM in the previous chapter). Thus, GPALS needs additional

effort to reach appropriate parameter values that lead the algorithm to optimal so-

lutions. Nevertheless, it offers clear evidence that even under defective parameter
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Figure 4.3: Number of test problems where GPALS-DE,; achieved equal or better
average error than the competitor algorithms.

initialization, and without any additional experimentation, GPALS-DE can be highly
effective.

The GPALS-DE 5 approach exhibited better or equivalent performance than the
rest of the GPALS-DE variants, and it was further compared against the rest of the
algorithms of the test suite in terms of the average error values [42]. The results are
reported in Tables B.5 and B.6 of Appendix B. The data for the rest of the algorithms
are reproduced from the original sources [67]. Figure 4.3 illustrates the number of
problems (out of 19 problems) where GPALS-DE, ; was not outperformed by other
algorithms. It is easily perceived that GPALS-DE was highly competitive also against
non-DE algorithms for all dimensions.

Moreover, Wilcoxon rank-sum tests were conducted between GPALS-DE, 5 and the
previously proposed DEGPA approach presented in the previous chapter [64]. The
percentage of wins, losses, and ties between GPALS-DE, 5 and DEGPA are graphically
illustrated in Fig. 4.4. Clearly, GPALS-DE, 5 achieved better or equivalent performance
in almost all test problems, particularly for higher dimensions. This observation veri-
fies the additional benefits of using the approximate performance gradients with line
search against the simpler grid-based DEGPA approach.

Besides the comparisons with the competitor algorithms of the test suite, GPALS-
DE, 5 was additionally compared with three state-of-the-art adaptive DE algorithms,
namely GaDE [27], SHADE [29] and L-SHADE [30], on the SOCO test problems.
For this purpose, source codes available on the test suites’ repositories were used.

The provided source code of GaDE was already tuned on the specific test suite,
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Figure 4.4: Wins, losses, and ties of GPALS-DE, ;5 against the DEGPA approach.

requiring no further modification. SHADE and L-SHADE are based on an adaptive
scheme that employs a special mutation operator, which differs from the one in the
standard DE, which is also used in the GPALS-DE approach. Also, their available
codes came with proposed parameters that were tuned on the CEC-2013 test suite.
Thus, in a head-to-head comparison with the GPALS approaches, it would be difficult
to identify whether the observed good or bad performance trends can be attributed
to the main parameter adaptation procedure of these algorithms or to their special
mutation scheme, which is irrelevant to the parameter adaptation. For this reason,
both the original versions of SHADE and L-SHADE were considered, as well as a
modified version of each one, denoted as mSHADE and mL-SHADE, respectively. In
these modified versions, the DE/rand/1 operator with exponential mutation that is
used in GPALS-DE was adopted in SHADE and L-SHADE instead of their special
mutation operator.

Moreover, the test suite requires populations of size N = 60. However, the proposed
size for SHADE is N = 100 [29]. Thus, both population sizes were considered in the
comparisons and denoted with a subscript, i.e., SHADEg, and SHADE,(,. Moreover,
L-SHADE assumes linearly decreasing population size during its run, starting from
a fixed value N = 18 x n. This scheme was also retained in the experiments.

The results of the Wilcoxon rank-sum tests of GPALS-DE 5 against GaDE, SHADE

and the L-SHADE variants are reported in Table 4.2. In the 500-dimensional case,
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Table 4.2: Number of wins, losses, and ties of the GPALS-DE; algorithm against
GaDE, SHADE, and L-SHADE for the SOCO test problems.

Dimension
50 100 200 500
GPALS-DE( 5 vs. + - = + - = + - = + - =
GaDE 7 3 9 8 3 8 8 4 7 7 4 8
SHADEg 7 1 1 13 1 5 15 1 3 17 1 1
SHADE (g 5 3 11 13 1 5 13 1 5 16 1 2
mSHADEg, 6 2 11 6 1 12 8 1 10 16 1 2
mSHADE oo 13 1 5 13 1 5 14 1 4 14 1 4
L-SHADE 9 2 8 13 2 4 14 2 3 n/a n/a n/a
mL-SHADE 18 1 0 18 0 1 19 0 0 n/a n/a n/a

the provided source codes of L-SHADE failed to execute due to excessive memory
demand. The results show that GPALS-DE, 5 is highly competitive to all competitor
algorithms, with evident superiority as dimension increases. It is interesting to no-
tice that, despite the significant number of function evaluations spared by L-SHADE
due to its decreasing population size, GPALS-DE( 5 was superior. For completeness
purpose, the corresponding average errors for SHADE and L-SHADE are reported
in Tables B.7 and B.8 of Appendix B.

In order to gain further insight on the impact of population size on the perfor-
mance of GPALS-DE, 5, additional experiments were conducted for N = 40 and 80
and compared to the base algorithms. The obtained results are reported in Table 4.3,
where the corresponding population size is denoted as superscript. As can be seen,
GPALS-DE{% and GPALS-DES% exhibited similar and superior performance than the
competitor algorithms, while GPALS-DEJ% slightly deviated from this performance
especially for lower dimensions against the best base algorithm, namely DEc,. Nev-
ertheless, this effect is ameliorated as dimension increases. This is a consequence of
using higher population sizes in easier problems of smaller dimension, which results
in futile spending of additional function evaluations in the performance estimation
phase. The same effect can also be observed against the SHADE variants in Table 4.4.

Finally, the running time of GPALS-DE 5 against SHADE was also recorded. Run-
ning time is not a measure that can offer sound conclusions regarding the algorithm’s
performance, because it depends on many external factors such as implementation
quality, machine configuration, employed compilers, and machine workload at the

moment of experimentation. Nevertheless, it is an indication that the nice performance
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Figure 4.5: Running time for the serial version of GPALS-DE;; and SHADE in the
SOCO test suite for dimension (a) n = 50, (b) n = 100, (c) n = 200, and (d) n = 500.
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Table 4.3: Statistical comparisons between the GPALS-DE, 5 algorithms with different
population size and the base algorithms for the SOCO test suite.

GPALS-DE% GPALS-DESY% GPALS-DE§’

Dim.  Algorithm + - = + = = + - =
50 DEbin 14 4 1 15 3 1 11 ) 3
DEexp 11 ) 3 10 5 4 3 15 1

CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0 16 3 0

100 DEbin 17 1 1 17 1 1 16 1 1
DEexp 13 5 1 13 4 2 6 8 )

CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0 16 3 0

200 DEpin 17 1 1 17 1 1 17 1 1
DEexp 12 4 3 13 4 2 6 9 4

CHC 19 0 0 19 0 0 19 0 0
GCMAES 16 3 0 16 3 0 16 3 0

500  DEpin 19 0 0 19 0 0 19 0 0
DEexp 11 4 4 13 5 1 11 6 2

CHC 19 0 0 19 0 0 19 0 0

GCMAES n/a

8
©
8
)

n/a

=
=~
[
=
-~
[

n/a

=
-~
[
=
-~
[

of an algorithm is not achieved in excessively higher time than another algorithm. In
this case, the available SHADE source code was serial, so 25 serial experiments were
conducted on the same machine for each algorithm. The recorded running times are
illustrated in Fig. 4.5. Obviously, the proposed approach achieves lower execution
time than the competitor SHADE algorithm in all dimensions. In addition, differ-
ences in running times were statistical evaluated with Wilcoxon rank-sum tests, and
wins, losses, and ties are reported in Table 4.5, verifying the observations.

The performance of GPALS-DE 5 was further investigated on the CEC-2013 test
suite [58]. The parameters of GPALS-DE were the same as for the SOCO test suite.
For comparison purposes, SHADE and L-SHADE were considered as the baseline
algorithms for comparisons. Both have been shown to be among the most efficient
adaptive DE algorithms for the specific test suite [70]. For notation simplicity, GPALS-
DEy 5 is henceforth denoted simply as GPALS-DE.

The main goal remained the investigation of GPALS as a general parameter adap-
tation method, using DE for demonstration purposes. Thus, in order to achieve a fair
comparison between GPALS-DE and the parameter adaptation scheme of SHADE,

GPALS-DE with the special mutation operator with population archive was also
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Table 4.4: Number of wins, losses, and ties of GPALS-DE against SHADE for different
population sizes in the SOCO test problems.

Dimension
50 100 200 500
GPALS-DEZY% vs. + - = + - = + - = + - =
SHADE, 13 2 4 16 1 2 18 1 0 18 1 0
mSHADE,, 3 8 8 5 5 9 13 5 1 18 0
GPALS-DESY vs. + - = - = + - = + - =
SHADEg 5 13 1 12 6 1 13 5 1 18 1 0
mSHADEgq 15 3 1 14 4 1 14 4 1 18 1 0

Table 4.5: Statistical comparisons of running times between the serial version of
GPALS-DE, ;s and SHADE for the SOCO test problems.

Dim.  GPALS-DE vs. +

50 SHADE 16 2 1
100 SHADE 17 0 2
200 SHADE 19 0 0
500 SHADE 18 1 0

considered. Note that the corresponding modification was made for SHADE and
L-SHADE previously in the SOCO test suite, resulting in mSHADE and mL-SHADE.
Thus, two GPALS-DE approaches was considered, namely GPALS-DE that uses the
original DE/rand/1 mutation operator with exponential crossover, and mGPALS-DE
that uses SHADE’s mutation operator with population archive. Whenever a mutant
vector component of the GPALS approach was violating the boundary of the search
space, the SHADE correction [29] was applied. Besides the original SHADE and L-
SHADE algorithms, the mSHADE and mL-SHADE defined in the previous section
were also considered for the CEC-2013 test suite. This was motivated by the necessity
to investigate whether the efficiency of the parameter adaptation scheme of SHADE
and L-SHADE is intimately related to its special mutation operator or it can work
equally good with the plain DE mutation operator as well. The population size for all
algorithms was equal to N = 60. In all runs, GPALS-DE assumed as initial parameter
pair the central point of the search space, namely (F,CR) = (0.5,0.5). The rest of the
settings followed closely those of the test suite.

Table 4.6 reports the results of the Wilcoxon rank-sum tests between GPALS-
DE, SHADE, and L-SHADE. We can see that SHADE and L-SHADE dominated the

mGPALS-DE algorithm in most of the test problems. However, this was not the case
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Table 4.6: Statistical comparisons between GPALS-DE, SHADE, and L-SHADE on the
CEC-2013 test suite.

Dimension
30 50
+ - = + - =
mGPALS-DE vs SHADE 3 21 4 3 19 6
GPALS-DE vs mSHADE 8 9 1 12 9 7
mGPALS-DE vs L-SHADE 1 23 4 1 22 5
GPALS-DE vs mL-SHADE 5 12 1 5 18 5

Table 4.7: Statistical comparisons between GPALS-DE and other adaptive DE-based
algorithms on the CEC-2013 test suite.

Dimension
30 50
GPALS-DE vs. + — = + - =
DEcfbLS 10 12 6 11 1 6
jande 12 7 9 14 12 2
DE_APC 12 9 1 10 7
PVADE 14 6 18 4 6

when the standard DE operator was used in SHADE, as revealed by the comparisons
against GPALS-DE. Especially when dimension increases to 50, GPALS-DE shows
superior performance compared to SHADE. On the other hand, L-SHADE achieves
better performance than GPALS-DE, which obviously stems from the population size
reduction, that spares computational budget. These results suggest that the parameter
adaptation scheme of SHADE and L-SHADE, although very effective in the low-
dimensional CEC-2013 test suite, seems to be intimately related to its special mutation
operator.

Further comparisons of GPALS-DE were conducted with various other adaptive
DE algorithms. Table 4.7 reports the results for four adaptive DE-based algorithms,
which can be found in [59-63]. Obviously, GPALS-DE exhibited competitive perfor-
mance even for the low-dimensional problems.

Finally, running time analysis was conducted for the serial version of the algo-
rithms, following the same methodology as in the previous section. The corresponding
results are illustrated in Fig. 4.6. The GPALS-DE approach achieved again better run-
ning times than SHADE. These findings are confirmed in the statistical tests reported
in Table 4.8.
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Figure 4.6: Running time for the serial version of GPALS-DE and the baseline SHADE
algorithm in the CEC-2013 test suite, for dimension (a) n = 30, and (b) n = 50.

Table 4.8: Statistical comparisons of the running times between GPALS-DE and the
SHADE algorithm for the CEC-2013 test suite.

Dim.  GPALS-DE vs. + -
30 SHADE 20 7
50 SHADE 20

= o=

4.4 Application on Particle Swarm Optimization

The proposed GPALS method is further demonstrated on the state-of-the-art PSO
algorithm for adapting its scalar control parameters. The derived algorithm is hence-
forth denoted as GPALS-PSO. The experiments were conducted on the the SOCO test
suite. PSO has three real-valued parameters, namely w, c;, and c,, while it exhibits
moderate performance in the SOCO test suite. This fact offered additional motivation
in order to investigate whether the proposed approach could render the plain PSO
more competitive.

Closely following the previous analysis for DE, a 3-dimensional search space ¢
was considered for the PSO parameters. Specifically, both ¢; and ¢, were assumed to
lie in the range [0, 3], while the range [0, 1] was considered for w. Thus, the search

space was defined as,
G =10,1] x [0,3] x [0, 3]. (4.11)

The experiments were conducted by initializing GPALS-PSO at the central parame-

ter point (w, ¢y, c2) = (0.5,1.5,1.5), as well as the more extremal points (w, ¢y, ) =
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(0.2,1.0,1.0) and (w, ¢1, c2) = (0.8,2.0,2.0). These approaches are denoted as GPALS-
PSO 5, GPALS-PSOg 2, and GPALS-PSO, g, respectively. The swarm size was set to
N =100 and the computational budget was equal to gmax = 5000 X n, as dictated by
the test suite. Each competenting PSO variant assumed the same parameter set with
the corresponding GPALS-PSO. Note that all PSO variants were based on the [best
PSO model with ring neighborhood topology of radius r = 1.

For the evolved primary population with the current parameter triplet, the per-
formance measure H (P,.;[(we, ¢1 ¢, ¢2.),t]) is computed according to Eq. (4.1) and the
approximate gradient of H closely follows the same approach as for DE described in
the previous section, according to Egs. (4.2) and (4.3).

The estimated quantities in the gradient are computed by copying the primary
population P into six secondary populations, each one assigned one of the four pa-

rameter pairs
(wc +Z.)\701,cyc2,c)7 (wcacl,c +Z.)\702,c)7 (wcacl,cacZ,c +Z)\)7 (&S {_17+1}

Each secondary population is evolved for ... iterations, using its assigned parameters.
In the current implementation, ¢, = 10 and A = 0.1 was used similarly to the DE
case.

The best-performing secondary population P,- becomes the primary population,
and its parameter triplet (w,, ¢1 ., c2..) replaces the current one (w, ¢1 ., ¢2 ) if adequate

performance improvement is achieved, i.e.,
H (Pp'r'i[<w07 Clc, C2,c)7 t]) - H (Ps* [(w*y C1,%, C2,*) 7t]) > Qmin > 07

where 0y is the smallest acceptable improvement and t equals to either ¢, or ;.
This step completes the GPALS-PSO cycle, and a new cycle begins by performing
t,r; iterations with the new primary population and the new parameter triplet. In
case of insufficient improvement from the secondary populations, the new cycle re-
tains the previous primary population and parameters. In any case, the new primary
population inherits the best individuals of all secondary population.

The experiments on the SOCO test suite were conducted using the same parameters
for GPALS-PSO as for GPALS-DE, namely,

ti = 10X 0, tee=10, A=0.1, §=10"%
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Table 4.9: Statistical comparisons between GPALS-PSO, the base algorithms, and the
plain PSO for the SOCO test suite. The symbols “+7, “~”, and “=", denote wins,
losses, and ties of GPALS-PSO against the competitor algorithms.

GPALS-PSOg 5 GPALS-PSOg 5 GPALS-PSOg 3
Dim.  Algorithm + - = + - = + - =
50 DEbin 6 12 1 2 16 1 4 14 1
DEcxp 3 13 3 2 17 0 2 17 0
CHC 13 4 2 8 9 2 9 3 7
GCMAES 14 3 2 9 6 4 11 4 4
PSO 3 5 1 19 0 0 19 0 0
100 DEpin 4 10 5 1 16 2 ) 13 1
DEexp 1 16 2 1 18 0 17 1
CHC 14 4 1 7 6 11 3 )
GCMAES 13 5 1 8 5 6 11 6 2
PSO 3 5 1 19 0 19 0 0
200 DEbin 4 7 8 4 10 5 5 12 2
DEcxp 1 18 0 1 18 0 18 0
CHC 10 5 4 10 8 1 7 9 3
GCMAES 12 6 1 5 8 6 6 10 3
PSO 4 2 13 18 0 1 19 0 0
500 DEpin 12 5 2 3 15 1 3 11 5
DEexp 1 18 0 1 18 0 18 0
CHC 9 6 4 3 13 3 7 11 1
GCMAES n/a n/a n/a n/a n/a n/a n/a n/a n/a
PSO 9 2 8 9 0 10 19 0 0

The available computational budget, as dictated by the test suite, was equal t0 ¢max =
1000 x n, function evaluations, while the performance criterion for the algorithms was
again the objective value error as defined in Eq. (2.13).

The average and standard deviation of the obtained solution errors of GPALS-
PSO are reported in Tables B.9-B.12 of Appendix B along with the results of the
base algorithms. Wilcoxon rank-sum tests at confidence level 95% were conducted
between the GPALS-PSO algorithms and the base algorithms. Table 4.9 reports the
corresponding numbers of wins, losses, and ties. We see, the GPALS-PSO approach
was competitive against two out of four base algorithms, while it was outperformed
by the rest. However, it shall be underlined that GPALS-PSO does not use any kind
of preprocessing, contrary to the tuned base algorithms.

The benefits from using GPALS become evident when GPALS-PSO is compared
against the plain PSO with fixed parameters equal to the initial parameters of the
GPALS-PSO. As revealed in Table 4.9, two of the GPALS-PSO approaches outper-
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Table 4.10: Statistical comparisons between GPALS-PSO, plain PSO and SPSO 2011
on the CEC-2013 test problems.

Dimension
30 50
GPALS-PSO vs + — = + - =
PlainPSO 10 5 13 10 5 13
SPS02011 9 5 14 14 6 8

formed the corresponding standard PSO algorithm. However, this was not the case
for GPALS-PSO, 5. The reason is that the parameter set w = 0.5, ¢; = co = 1.5, was
near-optimal in the experiments for the plain PSO on the specific problems and, thus,
the dominant result between GPALS-PSO and plain PSO was the tie. Although, even
for this case, PSO outperformed GPALS-PSO only in 2 out of 19 problems for the
highest dimensional problems. This comes in line with the results observed for the
GPALS-DE algorithms, suggesting that GPALS can be beneficial in higher dimensions
even for the well-performing algorithms.

The performance of GPALS-PSO, 5 was investigated also on the CEC-2013 suite [58].

The GPALS-PSO algorithm assumed in all experiments the initial parameter set
(w, 1, ¢2) = (0.5,1.5,1.5) but with swarm size increased to 100, similarly to its DE-
based counterpart. Comparisons were conducted with the plain PSO approach and
the new PSO variant, namely SPSO2011 [83]. The results are reported in Table 4.10.
Evidently, GPALS-PSO is very competitive to both approaches. However, it shall be
noticed that SPSO2011 is tuned for the specific test suite, while GPALS-PSO determines
its parameters on the run. The average errors achieved for all algorithms for the CEC-

2013 test suite are reported in Tables B.13-B.15 of Appendix B.

4.5 Synopsis

The grid-base parameter adaptation method presented in the previous chapter admits
improvements in two points. The first one is the restricted number of search directions
in the discretized parameter domain, and the second one is the limited step size
allowed on these directions. These weaknesses may result in rather slow adaptation
of the algorithm’s parameters.

The proposed GPALS method addresses these issues by extending the parameter
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search procedure from the simplistic grid-based search to the more sophisticated
gradient search with line search. While gradient estimations enhance the number
of search directions, line search tackles the step size problem. All estimations of
the underlying mathematical quantities are based on short-runs of the algorithm,
similarly to the grid-based method.

The proposed GPALS method was illustrated on the two state-of-the-art algo-
rithms, namely, DE and PSO. The effectiveness of the corresponding GPALS-DE
approach was shown on the two established test suites that include a variety of high-
dimensional and low-dimensional test problems. The results suggested that GPALS
can disburden the user from the need of finding proper parameter settings, while it
can significantly improve the algorithm’s performance. Very competitive performance
was observed also against other already fine-tuned algorithms from the relevant lit-
erature, despite the fact that GPALS neither undergoes fine-tuning nor is assigned
the additional computational budget spent by the rest of the algorithms for their op-
timal tuning. Moreover, compared to other methods, GPALS has shown satisfactory

running time performance on the specific test problems.
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CHAPTER DO

ConcLUDING REMARKS AND FuTURE WORK

Parameter tuning is a laborious task in metaheuristics, intimately related to the cor-
responding optimization problem. The rising popularity of metaheuristics rendered
parameter tuning a central problem, since their performance has been shown to be
highly dependent on their proper parameterization. Inappropriate parameters may
render the algorithm incapable of detecting solutions of good quality. On the other
hand, parameter tuning through trial-and-error procedures expands the necessary
experimentation time and consumes valuable computational resources. Up-to-date, a
number of adaptive algorithms have been proposed, mostly based on ad-hoc proce-
dures especially designed for the specific algorithm.

In the present thesis, two novel and general-purpose online parameter adaptation
methods for population-based metaheuristics were proposed. First, a general-purpose
parameter adaptation method based on grid search in the parameter domain was pro-
posed. The parameter adaptation is conducted on a grid defined over the parameter
space. Performance estimations of the algorithm are used to guide the adaptation pro-
cedure. The method was successfully demonstrated on two metaheuristics, namely
Differential Evolution and Particle Swarm Optimization, attaining competitive perfor-
mance against other state-of-the-art methods. Two test suites that include a variety of
high-dimensional and low-dimensional test problems were used for the experimen-
tal evaluation. The proposed approaches do not require any preprocessing phase,
contrary to the competitor algorithms. The reported results verified the competitive-

ness of the proposed methods. This was achieved despite the fact that the dictated
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experimental setting of both test suites are rather restrictive due to the limited com-
putational budget, and the fact that the parameters of the competitor algorithms were
already tuned.

Similarly to other methods, the grid-based search has a few user-defined param-
eters. A preliminary study of its sensitivity on these parameters was also conducted.
The results offered evidence of the method’s tolerance on its parameters. The analysis
revealed that the performance estimation phase is the most sensitive one, while the
rest of the parameters have only mild influence on the algorithm’s dynamic. Also, it
revealed that the proposed default parameters are very efficient.

A more sophisticated version of the grid-based method, inspired by deterministic
gradient-based optimization, was also developed. In this method, gradient estimations
replace the core mechanism of the grid-based method, offering an abundance of
search directions, while line search tackles the step size problem. The effectiveness of
the proposed approach was successfully verified on the two test suites for the same
metaheuristics, namely DE and PSO. The reported results verified the superiority of
the proposed method against other already fine-tuned algorithms from the relevant
literature, despite the fact that the proposed approach was neither fined-tuned nor
using the additional computation budget spent by the rest of the algoirthms for their
fine tuning. Finally, compared to other methods, the proposed approach exhibited
satisfactory running-time performance on the specific test problems, and mild memory
requirements.

The research reported in the present thesis has offered strong motivation for
further elaboration on different metaheuristics and test suites, especially ones con-
taining real world problems. Additionally, it would be interesting to further extend
the methods with different adaptation techniques, e.g., different search methods or
online learning algorithms. Finally, the proposed method could benefit from the use
of modern computing infrastructures, such as GPU-based hardware and parallel pro-

gramming tools.
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APPENDIX A

AVERAGE ERRORS OF GPAM anp GPAM*

Average errors of GPAM and GPAM* for the SOCO and CEC-2013 test suites.
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Average errors and standard deviations of the DEGPA, eDEGPA, and the

.

Table A.1

= 50 and 100.

1mension n

base algorithms in the SOCO suite, for d

Problem DEGPA eDEGPA DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD
50-dimensional
F1 8.87e —14 3.3le—14 | 5.46e—14 1.14de—14 | 3.00e — 17 7.69e —18 | 2.78¢ — 17 6.29¢e —33 | 2.90e +02 5.69e+02 | 2.78 — 17 6.29¢ — 33
F2 4.48¢ 4+ 00 3.15¢+00 | 3.19¢e+00 4.16e+00 | 3.87e+01 8.90e+00 | 3.3le—01 5.90e—02 | 7.72e+01 1.23e+4+01 | 7.69e —11 4.83e — 11
F3 4.59¢e+01 1.18¢+01 | 5.56e+01 2.59¢e+01 | 6.99e +01 3.58¢+01 | 3.10e+01 8.65¢+00 | 5.64e +07 1.42¢+08 | 6.38¢ — 01  1.49¢ + 00
F4 1.30e — 13 2.60e — 14 | 6.60e — 11 3.29¢ — 10 | 3.2le+01 1.38e+4+01 | 4.79e—02 2.0le—01 | 1.12¢e4+02 2.74e+4+01 | 3.72¢e+02 8.68e + 01
F5 4.55e —14 1.64e —14 | 2.73¢e — 14 5.68¢ —15 | 9.86e — 04 2.76e — 03 | 0.00e +00 0.00e+ 00 | 9.02¢e —01 1.82¢+400 | 2.16e — 01 5.64e — 01
F6 2.07e —13 7.32e—14 | 1.47e—13 9.83¢—14 | 7.16e —14 1.86e—14 | 1.39¢ —13 9.43e—15 | 3.23¢e+00 2.44e+ 00 | 1.90e+01 1.02e + 00
F7 5.53e — 14  2.09e — 13 | 0.00e4+00 0.00e +00 | 2.22e —15 1.17e—15 | 8.88e — 17 1.96e—16 | 1.23e —09 1.45e —09 | 2.10e+ 01 1.38¢+ 01
F38 5.94e 4+ 01 1.16e+02 | 1.86e+02 2.59e¢e+02 | 9.02e +10 0.00e +00 | 9.02e +10 0.00e +00 | 9.02e +10 9.02¢+06 | 9.03e +10 9.39e + 07
F9 1.30e — 04 6.07e —04 | 6.58¢e —05 2.98¢ —04 | 2.85e+02 5.30e4+00 | 2.73e+02 7.40e—01 | 3.1le4+02 4.98¢+400 | 3.16e+02 7.03e + 00
F10 3.30e — 28 1.08e — 27 | 9.12e — 27 2.65¢ —26 | 1.53e+00 1.29¢+ 00 | 6.50e —29 3.60e —29 | 7.72¢4+00 2.93e+ 00 | 9.25e+ 00 2.82e¢ + 00
F11 6.98¢ — 05 2.8le—04 | 7.25e —05 3.05e —04 | 9.65e —01 2.02¢e+00 | 6.26e —05 1.30e —05 | 1.0le—02 1.26e —02 | 1.95e+02 3.65e + 01
F12 1.08e — 08 5.30e —08 | 1.7le—28 6.56e —28 | 5.82e4+00 1.03e+401 | 5.26e —13 1.64e—13 | 8.23e+01 1.53e+4+02 | 1.14e+02 1.0le+ 01
F13 2.97e+01 4.79e+00 | 5.02e+01 3.29e+01 | 597e+01 2.22e+01 | 2.48¢+01 1.31e+00 | 1.43e+07 3.29e +07 | 1.16e+ 02 1.43e+ 01
F14 3.15e — 08 8.46e — 08 | 3.34e — 06 1.30e — 05 | 3.35e+01 1.86e+01 | 3.55e —08 2.26e —08 | 6.76e+01 1.30e +01 | 2.71le4+ 02 7.30e + 01
F15 3.98¢ — 13 1.99¢e — 12 | 0.00e4+00 0.00e +00 | 2.29¢e —01 6.07e —01 | 1.99e —24 3.22e —24 | 3.07e4+00 5.32e+00 | 3.94e 4+ 01 1.25e+ 02
F16 1.04e — 06 4.96e —06 | 2.72¢e —09 1.36e —08 | 5.64de+00 8.47e+400 | 1.56e —09 2.8le—10 | 5.60e+ 01 5.16e+401 | 2.23e+02 1.50e 4 01
F17 2.32e4+00 2.84e+00 | 7.44e4+00 3.19e+00 | 1.51le4+01 1.43e+01 | 852e—01 4.92e—01 | 7.6le4+06 2.44e+07 | 3.47e4+02 2.18¢+ 01
F18 9.50e — 07 2.96e — 06 | 4.67e —06 9.95¢e — 06 | 5.73e4+00 5.26e+00 | 1.28 —04 4.63e —05 | 6.76e+ 01 3.46e+ 01 | 3.59¢ + 02 8.45e+ 01
F19 9.44e — 23 4.71le —22 | 0.00e+00 0.00e +00 | 1.23¢+00 9.26e —01 | 2.00e —24 1.50e —24 | 1.95e+02 5.0le+02 | 1.71le+ 03 5.84e + 03
100-dimensional

F1 2.34e — 13 5.76e— 14 | 5.68¢ — 14 3.86e—29 | 1.12¢ —16 4.28¢ — 17 | 7.77e — 17 1.13e — 17 | 4.67e+02 7.02¢ +02 | 5.55e¢ — 17 1.26e — 32
F2 1.60e +01 7.54e+00 | 2.90e +01 1.50e+01 | 7.74e+01 7.77e+00 | 4.60e +00 4.24e —01 | 9.96e+01 1.16e+401 | 2.61le — 03 1.30e — 02
F3 1.10e 4+ 02 2.85e¢+01 | 1.36e+02 4.96e+ 01 | 4.43e+02 3.63e+02 | 80le+01 1.03¢e+01 | 1.52¢e+08 2.69¢e+08 | 1.23e+ 01 1.80e + 01
F4 3.16e — 13 5.93e—14 | 4.64e—13 8.17e—13 | 1.0le4+02 2.25e+01 | 9.53e — 03 4.76e — 02 | 2.92e4+02 5.16e+01 | 8.38¢+02 1.39¢+ 02
F5 1.15e — 13 2.90e — 14 | 3.30e —14 1.34e—14 | 2.93e —02 5.32e —02 | 2.55e — 17 5.19e—18 | 5.95e+00 1.29¢+401 | 2.68e+ 00 1.05e+ 01
F6 4.12¢ — 13 9.6le—14 | 1.96e — 13 1.50e — 13 | 1.55¢e+00 3.88¢ —01 | 3.10e —13 1.62¢ —14 | 4.79e+00 1.87e+00 | 1.86e+ 01 2.45e + 00
F7 6.10e — 15 2.69e—14 | 1.53e— 15 4.35e —15 | 1.39e—14 7.12e—15 | 3.80e — 17 5.29e — 17 | 8.67e—02 3.70e — 01 | 6.35e+01 2.36e + 01
F38 9.82¢ +02 1.46e+ 03 | 2.55e+03 3.34e+03 | 1.79e+ 11 0.00e+00 | 1.79¢e+ 11 0.00e +00 | 1.79¢ 4+ 11 1.92e+ 07 | 1.80e+ 11  3.54e 4 08
F9 3.85e—04 7.11le—04 | 1.07e — 03 2.29¢e — 03 | 5.43e+02 1.36e+01 | 5.06e+02 9.16e —01 | 5.87e4+02 1.0le+01 | 6.08e+02 1.07e + 01
F10 1.08¢ —26 5.39e — 26 | 3.53¢ —30 1.55e—29 | 1.54e+01 3.3le+00 | 1.35e —28 3.86e—29 | 2.89e+01 1.0le+401 | 1.93e+4+01 5.10e + 00
F11 6.60e —04 2.17e — 03 | 1.0le—03 2.65e —03 | 4.31le4+01 2.09e+01 | 1.25e —04 1.43e—05 | 2.80e+01 3.02e +01 | 4.82e4+02 4.27e+01
F12 2.3le— 07 9.00e —07 | 1.43e—02 7.15e—02 | 7.2le4+01 3.21e+01 | 6.44e—11 1.52e—11 | 8.72e4+02 2.55e+03 | 2.41le+02 1.23e+ 01
F13 7.23¢+01 1.89¢e+401 | 9.07e4+01 3.09¢ +01 | 2.76e+02 6.18¢+4+01 | 6.13e4+01 1.00e +00 | 9.37e +07 4.02e+ 08 | 2.59¢+ 02 2.16e + 01
F14 3.58¢ —08 8.99¢ —08 | 1.78e — 06 2.78¢ —06 | 9.37e+01 1.56e+01 | 4.48¢ —02 2.24e—01 | 2.25e+4+02 4.59e+01 | 6.19e+02 9.25e + 01
F15 2.09e — 15 1.0de—14 | 597e—10 2.07e—09 | 3.67e4+00 1.76e+00 | 7.10e —23 7.00e —23 | 5.99e4+00 1.19e+01 | 5.57e4+01 5.22e + 01
F16 3.05e — 06 1.16e —05 | 1.48¢e —08 4.17e —08 | 1.10e+02 3.80e+01 | 1.94e —02 9.70e —02 | 2.08e +02 1.49e+02 | 4.84e+02 2.08e+ 01
F17 2.27e4+01 2.76e+01 | 3.43e+01 2.64e+01 | 1.78¢4+02 5.49e+01 | 1.19e4+01 2.62e +00 | 4.36e+ 07 7.09¢ +07 | 7.0de+ 02 3.92e + 01
F18 2.56e — 06 1.23e —05 | 8.40e — 06 2.40e —05 | 1.04e+4+02 4.39e+01 | 2.92e —04 6.77e —05 | 2.37Te4+02 7.02¢e+01 | 1.09¢ +03 4.15e+ 02
F19 2.69e —22 1.34e—21 | 1.18e—31 4.83e—31 | 1.17e+01 2.6le+00 | 4.79e —23 2.65¢ —23 | 4.70e +02 1.84e+03 | 5.83e +03 9.85e¢ + 03
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Average errors and standard deviations of the DEGPA, eDEGPA, and the

.

Table A.2

= 200 and 500.

1mension n

base algorithms in the SOCO suite, for d

Problem DEGPA eDEGPA DEpin DEexp CHC GCMAES

Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

200-dimensional
F1 5.50e —13 1.07e—13 | 1.32e—13 8.32¢—14 | 6.39e—16 5.32¢—16 | 1.78e —16 1.60e — 17 | 9.6le+02 1.65¢+03 | 1.17e—16 1.13e — 17
F2 3.67e4+01 1.17e+01 | 6.22e4+01 2.00e+01 | 1.0le4+02 5.90e+00 | 1.89e+01 1.05e+00 | 1.17e4+02 7.60e +00 | 7.47e —02 2.44e — 01
F3 2.17e 4+ 02 3.18¢+01 | 2.56e+02 8.22¢+01 | 6.38¢e+02 3.80e+02 | 1.79¢ +02 8.89e¢+00 | 2.54e +08 3.97e +08 | 1.24e+ 02 8.85e + 01
F4 8.00e — 04 4.00e —03 | 4.90e —09 9.12¢—09 | 4.21e4+02 5.63e+01 | 8.52e—02 3.98¢—01 | 6.32e4+02 8.43e+01 | 1.57e4+03 1.54e + 02
F5 2.60e — 13 2.80e —14 | 7.21le—07 3.61le—06 | 3.00e —01 7.73¢ —01 | 7.49e — 17 6.94e —18 | 1.02e+01 1.59¢+01 | 1.13e+00 2.84e + 00
F6 8.39¢ — 13 2.35e—13 | 3.73¢e — 13 3.20e —13 | 5.28¢+00 9.65¢ —01 | 6.46e —13 2.53e—14 | 8.14e+00 2.26e+00 | 1.93e+01 7.39¢ — 01
F7 7.87e—14 3.74e —13 | 6.55e — 15 2.35e—14 | 1.78e — 11 4.65e — 11 | 2.25e — 16 1.92e — 16 | 3.95e — 01 1.21e+00 | 1.25e+02 1.92e+ 01
F38 1.10e +04 1.43e+4+04 | 2.79e+04 2.70e+04 | 8.33e+ 11 0.00e4+00 | 833e+ 11 0.00e400 | 833e+ 11 3.09¢e+4 08 | 8.56e+ 11  3.36e+ 09
F9 9.47e — 05 3.00e —04 | 6.28¢ —03 1.48¢—02 | 1.13e4+03 1.87e+01 | 1.0le4+03 1.30e+00 | 1.18¢e4+03 8.29¢e+00 | 1.22e4+03 1.79¢ + 01
F10 1.62e —30 7.0le—30 | 1.63e —30 7.46e—30 | 5.52¢e+01 1.02e401 | 2.77e —28 5.3le—29 | 7.34e+01 6.25e+4+01 | 3.76e+ 01 2.78e + 01
F11 7.82e —04 2.26e—03 | 5.3le—03 1.24e—02 | 3.95e+02 6.11le+01 | 2.55e —04 3.20e — 05 | 4.03e +02 8.45¢+ 01 | 1.08e+03 8.25¢+ 01
F12 1.49¢e — 06 6.91e—06 | 3.72¢e —03 1.37e—02 | 2.84e+02 497e+4+01 | 9.97e—10 2.0le—10 | 8.1le+02 1.58¢ 403 | 5.87e+ 02 4.52e 4 02
F13 1.40e+02 1.68e+01 | 1.95e+02 6.12e+01 | 7.52e+02 2.7le+02 | 1.40e+ 02 1.26e+ 01 | 2.06e+08 3.51le4+ 08 | 5.92¢+ 02 1.08e + 02
F14 1.55e — 08 3.27e —08 | 1.38e — 07 4.05e —07 | 3.11le4+02 3.66e+ 01 | 8.08e —03 4.0de —02 | 4.90e+ 02 5.23e+01 | 1.26e+ 03 1.81le+ 02
F15 2.78¢ — 18 1.39e — 17 | 4.64e—14 2.07e—13 | 1.17e4+01 2.85e+00 | 3.7le—24 2.32e —24 | 1.40e+01 9.80e+00 | 1.95e+02 1.66e + 02
F16 1.7le— 06 6.6le—06 | 1.33¢e —03 4.71le—03 | 5.58¢+02 7.96e+01 | 7.85e—09 1.11le—09 | 6.77e+02 6.04de 402 | 9.56e+ 02 3.33e 4 01
F17 6.24e +01 3.58¢+01 | 6.29e+01 3.10e+01 | 1.03e4+03 1.11le+02 | 3.71le4+01 8.30e—01 | 1.17e4+07 1.70e +07 | 1.49e+ 03 8.00e + 01
F18 1.06e — 05 5.14e —05 | 1.67e — 04 6.00e —04 | 7.53e+ 02 6.55e+01 | 5.10e —04 9.97e —05 | 7.67e+02 2.14e+4+02 | 3.94e+ 03 3.91e+ 03
F19 2.29e — 17 1.15e —16 | 4.20e —02 2.10e — 01 | 4.0de+01 7.71le+00 | 1.67e —22 7.58¢—23 | 7.5le+02 1.76e+ 03 | 2.53e+04 2.45e¢ + 04
500-dimensional

F1 1.43e —12 1.58¢ — 13 | 5.59¢ —13 2.32e—13 | 3.88¢e—05 7.93e—05 | 5.17e—16 1.36e —17 | 9.25e+ 02 1.27e+ 03 n/a n/a
F2 7.97e+01 1.28¢e+01 | 7.3le+01 1.85e+01 | 1.25e+02 5.37e+00 | 5.38¢+01 1.21e+00 | 1.35e+02 5.52e + 00 n/a n/a
F3 4.96e +02 2.0le+01 | 6.22¢e+02 1.69e+02 | 3.44e+04 1.62e+05 | 4.74e+02 1.48¢+00 | 6.93e +08 1.72e + 09 n/a n/a
F4 2.08¢ —12 3.22¢e—13 | 3.98¢e —02 1.99¢e—01 | 2.35e+03 1.60e+02 | 7.12e —01 9.64e—01 | 2.11le4+03 1.66e + 02 n/a n/a
F5 7.21le—13 1.00e — 13 | 3.60e — 13 1.79¢ —13 | 3.11e—01 5.07e—01 | 2.38¢ —16 1.18e — 17 | 1.45e+01 2.52e+ 01 n/a n/a
F6 2.08¢ —12 3.66e—13 | 1.24de—01 3.30e —01 | 1.49e+01 8.38¢—01 | 1.6de—12 4.85e —14 | 1.27e+ 01 1.26e + 00 n/a n/a
F7 4.02e — 18 2.0le— 17 | 3.64de—03 1.82e —02 | 2.74e —03 6.49¢e —03 | 7.29¢e — 16 3.58¢ — 16 | 3.33e — 05 1.12e — 04 n/a n/a
F8 9.55e+04 8.3le+04 | 1.77e+05 1.53e+05 | 4.94e+ 12 0.00e +00 | 4.94e+12 0.00e +00 | 4.94e+ 12 1.42e+ 08 n/a n/a
F9 2.32e — 03 4.18¢—03 | 2.10e —02 6.44e—02 | 2.97e4+03 3.17e+01 | 2.52e4+03 2.10e +00 | 3.00e +03 1.64e + 01 n/a n/a
F10 0.00e +00 0.00e +00 | 1.45e—32 7.23e—32 | 1.36e+02 2.08¢+01 | 9.79e —28 1.43e —28 | 1.64e+02 5.62e+ 01 n/a n/a
F11 2.16e — 03 4.28¢ —03 | 2.78¢ —03 6.39e —03 | 2.34e+03 9.22¢e+01 | 6.78¢ —04 3.60e —05 | 1.67e+4+ 03 1.44e + 02 n/a n/a
F12 4.24e — 06 1.45e—05 | 1.66e —04 7.86e—04 | 1.02e+03 6.68¢+01 | 6.80e —09 8.58¢—10 | 1.62e +03 1.83e+ 03 n/a n/a
F13 3.7le4+02 2.14e+01 | 5.77e+02 1.77e+02 | 2.49e+03 3.13¢+02 | 3.60e+02 9.23¢e+00 | 3.41e+08 4.29¢ + 08 n/a n/a
F14 1.60e — 08 3.23e —08 | 3.30e —03 1.6le—02 | 1.67e+03 1.51e+4+02 | 3.93e—01 1.05e+400 | 1.59¢+ 03 1.57e+ 02 n/a n/a
F15 2.33e — 15 8.8le—15 | 5.50e —01 1.77e+00 | 4.44e+01 5.59e+00 | 2.93e —18 7.16e — 18 | 3.50e +01 1.20e + 01 n/a n/a
F16 1.7le— 05 4.77e —05 | 1.46e+01 7.27e+401 | 2.02e+03 8.60e+ 01 | 2.05e —08 1.64e—09 | 1.92e+ 03 1.44e+ 03 n/a n/a
F17 1.41le4+02 3.6le4+01 | 2.67e+02 551le4+02 | 3.83e+03 1.41le+4+02 | 1.12¢4+02 1.02e4+00 | 6.64de+ 08 1.64e + 09 n/a n/a
F18 7.67e —06 2.90e — 05 | 1.19e—01 3.30e — 01 | 3.37e+03 4.34e+02 | 1.25e —03 1.87e —04 | 2.74e+03 3.59e + 02 n/a n/a
F19 3.18¢ — 27 9.97e — 27 | 2.16e+00 3.41le+00 | 1.29e+02 2.34e+01 | 3.35e—21 2.15e —21 | 2.05e+ 03 4.03¢ + 03 n/a n/a
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in

Average errors of the DEGPA, eDEGPA, and other algorithms provided

Table A.3

the SOCO test suite.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19
DEGPA
50 0.00e +-00 4.48¢+00 4.59¢ +01 0.00e +00 0.00e +00 0.00e +00 0.00e +00 5.94e+01 1.30e —04 0.00e+00 6.98¢—05 1.08¢c—08 297e+01 3.15¢—08 0.00e+00 1.03e—06 2.32¢+00 9.50e —07 0.00e + 00
100 0.00e +00 1.60e +01 1.10e+02 0.00e+00 0.00e+00 0.00e+00 0.00e+00 9.82e+02 3.85e —04 0.00e+00 6.60e —04 2.3le—07 7.23e+01 3.58¢—08 0.00e+00 3.05¢e—06 2.27e+01 2.56e —06 0.00e + 00
200 0.00e +00 3.67e+01 217e+02 8.00c —04 0.00e+00 0.00e+00 0.00e+00 1.10e+04 9.47¢ —05 0.00c+00 7.82¢—04 1.49¢—06 1.40e+02 1.55¢—08 0.00e+00 1.7le—06 6.24¢+01 1.06e —05 0.00e + 00
500 0.00e +00 7.97e+01 4.96e+02 0.00e+00 0.00e+00 0.00e+00 0.00e+00 9.55¢+ 04 2.32¢ —03 0.00e+00 2.16e —03 4.24e —06 3.7le+02 1.60e —08 0.00e+00 1.7le—05 1.4le+02 7.67e—06 0.00e+ 00
eDEGPA
50 0.00e +00 3.19¢ +00 5.56e + 01 0.00e +00 0.00e +00 0.00e +00 0.00e +00 1.86e+ 02 6.58¢ —05 0.00e +00 7.25¢ —05 0.00e +00 5.02¢+01 3.34¢ —06 0.00e +00 0.00e+00 7.44e+00 4.67e—06 0.00e + 00
100 0.00e +00 2.90e +01 1.36e +02 0.00e +00 0.00e+00 0.00e+00 0.00e+00 2.55¢+03 1.07e —03 0.00e +00 1.0le—03 1.43e—02 9.07e+01 1.78¢—06 0.00e+00 1.48¢—08 3.43¢+01 8.40e—06 0.00e+ 00
200 0.00e +00 6.22¢ +01 2.56e +02 0.00e +00 7.21e —07 0.00e +00 0.00e +00 2.79¢ + 04 6.28¢ —03 0.00e +00 5.31e —03 3.72¢ — 03 1.95¢ +02 1.38¢ —07 0.00e +00 1.33¢ —03 6.29¢ +01 1.67e —04 4.20e — 02
500 0.00e +00 7.3le+01 6.22¢+02 3.98¢—02 0.00e+00 1.2de —01 3.6de—03 1.77¢+05 2.10e —02 0.00e +00 2.78¢—03 1.66e —04 577e+02 3.30e —03 5.50e —01 1.46e+01 2.67¢+02 1.19¢—01 2.16¢+ 00
SOUPDE
50 0.00e + 000 1.18¢ + 000 3.10e + 001 3.98¢ — 002 0.00e + 000 1.47e — 014 2.28¢ — 014 9.69¢ — 002 3.75¢ — 006 0.00e + 000 3.09¢ — 006 0.00e + 000 2.06¢ + 001 0.00e + 000 1.38¢ — 014 0.00e + 000 2.53¢ — 001 0.00e + 000 0.00e + 000
100 0.00e 4000 7.47e + 000 7.92e + 001 3.98¢ — 002 0.00e + 000 3.03¢ — 014 3.88¢ — 014 6.55¢ + 001 7.82e — 006 0.00e + 000 6.75¢ — 006 0.00e + 000 5.85¢ + 001 9.09¢ — 015 2.79¢ — 014 0.00e + 000 8.55¢ + 000 0.00e + 000 0.00e + 000
200 0.00e 4000 2.38¢ + 001 1.80e + 002 1.19¢ — 001 0.00e + 000 6.40e — 014 7.46e — 014 2.46e + 003 1.51e — 005 0.00e + 000 1.43e — 005 0.00e 4000 1.35¢ + 002 3.98¢ — 002 5.79¢ — 014 0.00e + 000 3.31e + 001 0.00e + 000 1.91e — 014
500 0.00e + 000 6.50e + 001 4.7Lle + 002 7.96e — 002 0.00e + 000 1.67¢ — 013 1.78¢ — 013 4.36¢ + 004 3.59¢ — 005 0.00e + 000 4.66e — 004 0.00¢ + 000 3.58¢ + 002 1.31e — 012 1.39¢ — 013 0.00e + 000 1.09¢ + 002 2.82¢ — 013 4.95¢ — 014
DE-D* + M™
50 3.33¢ — 018 1.67¢ — 001 1.34e + 001 1.99¢ — 001 0.00e + 000 4.55¢ — 014 0.00e 4 000 6.11e — 001 0.00e 4 000 1.89¢ — 031 6.06e — 004 1.58¢ — 021 1.39¢ + 001 1.19¢ — 001 0.00e + 000 1.76e — 016 4.31e — 002 3.98¢ — 002 0.00¢ + 000
100 2.78¢ — 017 2.24e + 000 7.61e + 001 1.99¢ — 001 1.39e — 017 1.0le — 013 5.33e — 017 4.75¢ + 005 4.29¢ — 004 0.00e + 000 0.00e + 000 4.62¢ — 017 5.33¢ + 001 1.19e — 001 0.00e + 000 8.99e — 015 3.22¢ + 000 8.11e — 010 0.00e + 000
200 6.66e — 017 9.58¢ + 000 1.69¢ + 002 2.39¢ — 001 2.78¢ — 017 2.51e — 013 0.00e + 000 2.19¢ + 008 0.00e + 000 3.51e + 001 0.00e + 000 5.45¢ — 015 1.23¢ + 002 3.98¢ — 002 0.00¢ + 000 2.26e — 013 2.72¢ + 001 3.98e — 002 9.47e — 032
500 2.23e — 016 3.72¢ + 001 4.54e + 002 9.15¢ — 001 1.03e — 016 7.14e — 013 0.00e + 000 1.41e +010 6.78¢ — 009 2.43¢ — 031 0.00e + 000 5.05¢ — 013 3.48¢ + 002 2.39¢ — 001 0.00e + 000 4.17e — 012 1.02¢ + 002 9.97e — 008 0.00e + 000
GaDE
50 0.00e + 000 1.46e + 001 1.18¢ + 001 0.00e + 000 0.00e + 000 0.00e + 000 0.00e 4+ 000 1.08e — 008 6.24e — 007 0.00e + 000 1.31e — 006 0.00e + 000 1.19¢ + 001 9.78¢ — 013 0.00e + 000 4.78¢ — 012 4.97e — 001 4.82¢ — 008 0.00¢ + 000
100 0.00e 4000 3.88¢ + 001 5.89¢ + 001 0.00e + 000 0.00e + 000 0.00e + 000 0.00e + 000 1.23¢ — 003 3.87¢ — 007 0.00e + 000 4.34e — 007 0.00e + 000 4.99¢ + 001 7.90e — 013 0.00e + 000 2.45¢ — 012 3.28¢ + 000 1.96e — 008 0.00e + 000
200 0.00e 4000 5.76e + 001 1.61e + 001 0.00e + 000 0.00e + 000 0.00e + 000 0.00e + 000 3.02¢ + 000 4.53e — 009 4.20e — 002 1.85¢ — 007 4.92¢ — 014 1.24e +002 2.87¢ — 012 0.00e + 000 1.58¢ — 012 2.45¢ + 001 2.53e — 008 0.00e + 000
500 0.00e 4000 7.42¢ + 001 4.40e + 002 0.00e 4 000 0.00e + 000 1.46e — 014 0.00e + 000 1.33e + 003 0.00e + 000 3.78¢ — 001 0.00e + 000 1.07¢ — 012 3.34e + 002 2.79¢ — 011 0.00e + 000 1.67¢ — 012 9.26e + 001 5.59¢ — 008 4.20e — 002
jDElscop
50 0.00e +00 3.15e —02 2.28e¢+01 0.00e+00 0.00e+00 9.55¢ — 14 0.00e +00 9.97¢ —03 0.00e +00 0.00e +00 0.00e +00 0.00e +00 1.36e+01 0.00e+00 0.00e+00 0.00e+00 7.43e—03 2.4le—14 0.00e+ 00
100 0.00e +00 1.21e+00 6.13e+01 0.00e +00 0.00e+00 2.00e —13 0.00e +00 5.57¢+00 7.18¢ =09 0.00e+00 8.17¢—09 0.00e+00 5.11e+01 0.00e+00 0.00e+00 0.00e+00 3.2le—01 6.33e —14 0.00e + 00
200 0.00e +00 7.54¢+00 1.40e+02 0.00e+00 0.00e+00 4.52¢ —13 0.00e +00 2.52¢ +02 4.30e —08 0.00e +00 9.58¢ —09 0.00e +00 1.10e+02 4.1le—16 0.00e+00 0.00e+00 2.39¢+01 2.04e —13 0.00e + 00
500 0.00e +00 3.06e +01 4.06e +02 1.59¢ —01 0.00e +00 1.18¢—12 0.00e +00 5.66e +03 6.10e —08 0.00e 4+ 00 4.40e —08 0.00e + 00 3.14e+02 8.00e —02 0.00e +00 0.00e +00 7.65¢+01 1.1le —12 0.00e + 00
SaDE-MMTS
50 0.00e +00  0.00e +00 0.00e +00 0.00e +00 0.00e +00 0.00e +00 0.00e+00 4.13e —09 1.35¢ —01 0.00e 400 5.19¢ —05 0.00e+00 4.23¢+00 3.93¢ —08 0.00e+00 0.00e+00 4.78¢—01 9.38¢ —03 0.00e + 00
100 0.00e 400 0.00e +00 0.00e +00 0.00e +00 0.00e +00 0.00e+00 0.00e+00 3.05¢ —04 3.18¢—01 0.00e+00 2.00e —04 0.00e+00 3.30e+01 1.02¢—02 0.00e+00 0.00e+00 1.17¢+01 4.70e —02 0.00e + 00
200 0.00e +00 1.34e+00 0.00e +00 8.08¢ —02 0.00e+00 0.00e+00 0.00e+00 2.67¢+01 1.24e+00 0.00e+00 2.39¢—04 0.00e+00 889 +01 1.57¢—02 0.00e+00 0.00e+00 3.50e+01 3.35¢—01 0.00e + 00
500 0.00e +00 1.25e+01 0.00e +00 3.85¢+00 0.00e+00 0.00e+00 0.00e+00 3.0le+02 2.8le+01 0.00e+00 2.53e+01 0.00e+00 3.27e+02 4.0le—01 0.00e+00 0.00e+00 9.80e+01 1.18¢+00 0.00e+ 00
MOS
50 0.00e +00 4.64¢ —13 9.61e+00 0.00e +00 0.00e +00 0.00e+00 0.00e+00 1.54e —08 0.00e+00 0.00e +00 0.00e+00 0.00e+00 4.55e —01 0.00e+00 0.00e+00 0.00e+00 1.40e+01 0.00e+00 0.00e + 00
100 0.00e +00 2.94e—12 2.03e+01 0.00e+00 0.00e+00 0.00e+00 0.00e+00 9.17¢ =02 0.00e 400 0.00e 400 0.00e +00 0.00e +00 1.75¢+01 1.68¢—11 0.00e +00 0.00e +00 1.43¢+01 0.00e +00 0.00e + 00
200 0.00e +00 1.24e —11 4.0le+01 0.00e +00 0.00e +00 0.00e +00 0.00e +00 1.16e+ 02 0.00e+00 0.00e +00 0.00e +00 0.00e +00 9.03e +00 0.00e + 00 0.00e+00 0.00e+00 5.03¢ +00 0.00e+ 00 0.00e + 00
500 0.00e +00 5.51e —04 4.57e+01 0.00e +00 0.00e+00 0.00e +00 0.00e+00 1.28¢+ 04 0.00e+00 0.00e +00 0.00e +00 0.00e +00 3.78¢+01 0.00e +00 0.00e+00 0.00e+00 1.21e+01 0.00e+00 0.00e + 00
MA-SSW-Chains
50 1.67e —17 7.6le —02 4.79¢+01 1.19e—01 0.00e +00 4.89e—14 9.33¢—17 3.06e —01 2.94¢+02 1.67e—30 4.49¢—03 6.27e —41 3.02¢+01 1.37e—17 3.9le—16 4.06e —03 2.60e+01 3.88¢—19 31
100 2.78¢ —17 7.0le+00 1.38¢+02 1.19¢—01 139 —17 6.03¢e —14 8.17e—16 3.48¢+01 5.63e+02 1.05¢ —29 1.09¢—01 3.28¢—03 835¢+01 22le—16 1.59¢—15 1.6le—02 9.92¢+01 2.7le—18 3.15¢—30
200 5.33¢ — 17 3.36e+01 2.50e+02 4.43¢+00 2.72e—17 1.19¢—13 6.96e—15 7.23¢+02 1.17e+03 54le—29 3.50e—01 1.75¢—02 1.68¢+02 9.76e —01 5.32¢—15 6.02¢ —02 7.55¢+01 4.29¢—04 1.51e —16
500 1.0le—16 7.86e+01 6.07e+02 1.78¢+02 7.70e —17 2.63e —13 4.69¢ —14 1.32e+04 2.53¢+03 2.80e —01 4.2le+01 2.55e+01 4.00e+02 5.65¢+01 553¢400 1.08¢—01 1.38¢+402 2.4le—03 7.84e—17
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m

103

o
]
o
S F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 Fi1 F12 F13 F14 F15 F16 F17 F18 F19
o DEGPA
m.. 50 0.00c 4+ 00 4.48¢+00 4.59% +01 0.00c+00 0.00e+00 0.00¢+00 0.00c+00 5.94¢+01 1.30c—04 0.00c+00 6.98¢—05 1.08¢—08 2.97c+01 3.15¢—08 0.00e+00 1.03¢—06 2.32¢+00 9.50¢ —07 0.00e+ 00
0 100 0.00c 400 1.60e+01 1.10e+02 0.00c+00 0.00¢+00 0.00e+00 0.00c+00 9.82¢+02 3.85¢—04 0.00c+00 6.60c—04 23le—07 7.23¢+01 3.58¢—08 0.00e+00 3.05¢—06 2.27e¢+01 256 —06 0.00¢+ 00
m 200 0.00c+00 3.67e+01 217¢+02 8.00c—04 0.00c+00 0.00e+00 0.00c+00 1.10c+04 9.47¢—05 0.00c+00 7.82¢—04 1.49¢—06 1.40c+02 1.55¢—08 0.00e+00 1.7le—06 6.2dc+01 1.06c—05 0.00¢ + 00
< 500 0.00c+00 7.97e+01 4.96¢+02 0.00c+00 0.00e+00 0.00e+00 0.00c+00 9.55¢+04 232 —03 0.00c+00 2.16e—03 4.2dc—06 3.7le+02 1.60c—08 0.00¢+00 1.7le—05 L4le+02 7.67¢—06 0.00¢+ 00
m eDEGPA
®) 50 0.00c+00 3.19¢+00 556c+01 0.00c+00 0.00e+00 0.00e+00 0.00c+00 1.86e+02 658 —05 0.00c+00 7.25¢—05 0.00c+00 502 +01 3.34¢—06 0.00¢+00 0.00c+00 7.44e+00 4.67¢ —06 0.00¢ + 00
o0 100 0.00c+00 2.90e+01 1.36c+02 0.00c+00 0.00e+00 0.00e+00 0.00c+00 2.55¢+03 1.07¢—03 0.00c+00 1.0le—03 1.43¢—02 9.07e+01 1.78 —06 0.00c+00 1.48c—08 3.43¢+01 8.40c—06 0.00¢+ 00
< 200 0.00c+00 6.22+01 256c+02 0.00c+00 7.2le—07 0.00e+00 0.00c+00 279 +04 628 —03 0.00c+00 5.3le—03 3.72c—03 1.95e+02 1.38¢—07 0.00e+00 1.33c—03 6.29¢+01 1.67c—04 4.20e — 02
H 500 0.00c+00 7.3le+01 622 +02 398 —02 0.00e+00 1.2de—01 B3.6dc—03 177e+05 210e—02 0.00c+00 2.78¢—03 166c—04 577e+02 3.30e —03 550e—01 146e+01 2.67e+02 1.19 —01 2.16e+ 00
_m RPSO-vm
o 50 2.62c— 14 7.54e—03 L75¢+03 230c—14 9.53¢—02 149¢—12 1.lde—15 1.06e+03 2.94e—01 0.00c+00 1.68¢—02 858 —02 6.57e+02 6.8le—02 0.00e+00 7.8%—11 8.73e+02 505¢—02 0.00e+ 00
o] 100 2.66c — 14 1.98¢—01 142 +03 26le—14 1.07e—01 4.76e—12 0.00c+00 1.09¢+04 1.85¢—01 0.00c+00 4.6le—01 1.60c—14 225e+03 1.27e —01 0.00e+00 4.87c—08 1.76e+03 1.36c—01 0.00e+ 00
i 200 253¢— 14 2.00e+00 1.03¢+03 243¢—14 1.73¢—01 2.95¢—12 0.00c+00 5.23¢+04 1.67¢+00 0.00c+00 5.66c—01 4.6dc—02 1.17c+04 7.96e—02 0.00¢+00 5.40c—01 2.08¢+04 1.50c—01 0.00¢+ 00
a, 500 2.65¢ — 14 1.67e+01 1.13¢+03 244e—14 254 —01 3.14e—12 8.90c — 16 3.00c+05 4.85¢+00 0.00c+00 4.88¢+00 1.32 —08 1.33¢+03 1.29¢+00 0.00e+00 2.12¢+00 5.72+02 247¢+00 0.00¢+ 00
< Tuned IPSOLS
A 50 0.00¢ 4 000 2.56¢ — 014 0.00¢ + 000 0.00¢ + 000 6.72¢ — 003 0.00¢ + 000 4.98¢ — 012 4.78¢ — 009 4.95¢ — 006 0.00¢ + 000 8.19¢ — 002 1.17¢ — 011 2.65¢ — 010 1.18¢ + 000 2.62¢ — 011 2.80¢ + 000 3.10¢ + 000 1.24¢ + 000 1.19¢ — 011
Q 100 0.00¢ 4 000 3.42¢ — 014 0.00e + 000 0.00¢ + 000 1.31e — 002 0.00¢ + 000 3.00¢ — 012 7.18¢ — 003 1.09¢ + 000 0.00¢ + 000 1.48¢ — 003 2.58¢ — 011 1.59¢ — 001 4.3de + 000 2.89¢ — 011 9.09¢ — 012 8.16¢ — 003 1.68¢ + 000 7.33¢ — 012
(= 200 0.00¢ 4 000 3.23¢ — 014 0.00¢ + 000 0.00¢ + 000 0.00e + 000 0.00¢ + 000 1.14e — 011 2.47¢ + 001 4.09 + 000 0.00¢ + 000 6.98¢ + 000 6.65¢ — 012 2.55¢ + 000 4.27¢ + 000 1.08¢ — 010 1.65¢ + 000 1.15¢ + 001 4.34e + 000 1.11e — 011
@ 500 0.00¢ 4 000 8.07¢ — 014 0.00¢ + 000 2.82¢ — 003 0.00¢ + 000 0.00¢ + 000 1.06¢ — 011 8.64¢ + 003 1.13¢ + 001 0.00¢ 4 000 1.14¢ + 001 1.93¢ — 011 4.14e + 000 1.30¢ + 001 2.83¢ — 010 1.33¢ 4+ 000 1.33¢+ 001 1.33¢ + 001 2.73¢ — 011
-~ EvoPROpt
m 50 1.22¢—02 37le—01 1.12e+02 4.96c—02 5.13¢—02 6.85¢—03 2.63c—02 2.08¢+02 8.02 +00 4.80c—02 9.68¢+00 2.27e+00 422¢+01 9.97e—01 638 —02 5.63¢+00 6.77e+01 1.62¢+00 5.03e—02
D) 100 434 —02 3.30e+00 398¢+02 1.07e—01 3.92—02 250c—04 9.17e—02 227e+03 29le+01 2.05e—01 2.60c+01 50le+00 1.40e+02 1.24e+00 6.56c—02 8.29¢+00 1.97e-+02 3.34e+00 1.43e— 01
@ 200 8.03c—02 8.03¢+00 29le+02 352 —01 268 —02 622 —01 3.82%—02 1.34e+04 622 +01 1.04e+00 593¢+01 1.00e+01 1.7le+02 3.75¢+00 3.80c—01 1.74c+01 156e+02 8.85¢+00 2.15¢+ 00
=) 500 0.00c+00 2.04c+01 597¢+02 145¢+00 3.03¢—02 12le+00 8.06c—03 7.05¢+04 1.75¢+02 3.29¢+01 177¢+02 1.73¢+01 5.75¢+02 9.00e+00 225¢+00 4.87c+01 3.94e+02 3.28¢+01 5.00¢+ 01
) EM323
< 50 480c — 13 4.08¢—09 6.12¢+01 5.34c — 13 3.05¢—13 5.66c — 13 0.00c+00 2.08¢+02 0.00c+00 0.00c+00 2.16e—07 9.8%¢ —08 1.96e+01 1.32 —07 0.00e+00 2.52¢—07 858 +01 3.12¢—07 0.00¢+ 00
p.,_u 100 99lc— 13 342 —04 210e+02 1.15¢—12 59le—13 11de—12 0.00c+00 6.31e+02 3.29¢ —08 0.00c+00 9.99¢—09 1.5le—02 597¢+01 3.74¢—07 0.00e+00 4.57¢—07 9.60e+01 502 —02 0.00¢+ 00
@) 200 215¢— 12 1.92e —01 4.47¢+02 223¢—12 3.95¢—04 242 —12 0.00c+00 3.37e+04 13le—08 0.00c+00 1.92¢—06 4.13¢—07 297e+02 2.10e—01 0.00e+00 9.40c—07 5.73¢+01 2.63¢—03 0.00¢+ 00
% 500 580c— 12 2.04e+01 1.25¢+03 7.08¢—12 1.77e—03 6.50c—12 0.00c+00 3.9le+05 2.2le—06 0.00c+00 1.10e—02 3.4le—01 1.19¢+03 15le—01 0.00e+00 4.7le—03 21de+02 228 —01 0.00e+ 00
o VXQRI
= 50 0.00c+00 2.36e+00 3.69¢—09 0.00c+00 4.55¢—14 3.07¢—13 0.00c+00 0.00¢+00 9.62¢+00 0.00c+00 1.09¢+01 1.49¢+00 839 +00 2.58¢—01 3.72¢—05 4.48¢+00 1.73¢+01 6.94c—01 0.00e + 00
MH < 100 0.00c+00 5.12e+01 3.19¢—01 0.00c+00 6.03¢—14 9.4de—13 0.00c+00 0.00e+00 2.15¢+01 0.00c+00 1.89e+01 524e+00 1.78¢+01 6.4le—01 7.lde—04 1.18¢+01 1L1de+02 1.26e+00 1.49¢—06
50 2 200 0.00c+00 8.50e+01 3.60e+01 250c—14 1.18¢—03 3.10e—12 0.00c+00 0.00¢+00 4.5de+01 0.00c+00 4.37e+01 4.00e+01 9.55e+01 1.27e+00 1.09¢ —01 3.00c+01 8.79e+01 848 +00 3.56e —05
m w 500 0.00c+00 9.38¢+01 21de+02 1.86c—13 2.96¢—04 9.10e—12 0.00c+00 0.00¢+00 8.68+01 0.00c+00 852 +01 12le+02 22le+02 4.3le+00 224e—01 6.32¢+01 1.65¢+02 552 +01 1.14e—03
W - GODE
3~ % 50 0.00¢ 4 000 2.57¢ — 001 3.06¢ + 001 1.05¢ — 013 0.00¢ + 000 1.24¢ — 014 0.00¢ + 000 1.67¢ — 001 7.77¢ — 006 0.00¢ + 000 6.44¢ — 006 1.33¢ — 013 2.55¢ + 001 6.24¢ — 009 0.00¢ + 000 1.57¢ — 010 1.17¢+ 000 2.97¢ — 007 0.00¢ + 000
e 100 0.00¢ 4 000 3.65¢ + 000 8.14e + 001 8.32¢ — 014 0.00¢ + 000 2.60¢ — 014 0.00¢ + 000 7.53¢ + 001 1.46¢ — 005 0.00¢ + 000 1.58¢ — 005 7.57¢ — 012 6.32¢ + 001 4.13¢ — 008 0.00¢ + 000 3.75¢ — 010 1.11e+ 001 1.1le — 006 0.00¢ + 000
N e) 200 0.00¢ 4 000 1.53¢ + 001 1.80e + 002 4.17¢ — 013 0.00¢ + 000 5.45¢ — 014 0.00¢ + 000 2.10¢ + 003 3.23¢ — 005 0.00¢ + 000 3.12¢ — 005 1.20¢ — 010 1.38¢ + 002 8.17¢ — 002 0.00¢ + 000 9.54¢ — 010 3.74¢ + 001 1.91¢ — 006 0.00¢ + 000
A. % 500 0.00¢ +000 5.81e +001 4.76¢ + 002 1.62¢ — 003 0.00¢ +000 1.43¢ — 013 0.00¢ + 000 3.93¢ + 004 7.84¢ — 005 0.00¢ + 000 8.25¢ — 005 7.39¢ — 010 3.59% + 002 7.67¢ — 002 0.00¢ + 000 2.24e — 009 1.12¢ + 002 5.06¢ — 006 0.00¢ + 000
L w»n
Q g
< g
==



Average errors and standard deviations of the DEGPOA, eDEGPOA, and

.

Table A.5

= 50 and 100.

mension n

the base algorithms in the SOCO suite, for d

Problem DEGPOA eDEGPOA DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD
50-dimensional
F1 9.09¢e — 14 3.67e—14 | 1.30e — 13 3.86e —14 | 3.00e — 17 7.69e —18 | 2.78¢ — 17 6.29¢e —33 | 2.90e +02 5.69e+ 02 | 2.78 — 17 6.29¢ — 33
F2 6.25¢ +00 5.56e+ 00 | 7.06e+00 7.05e+00 | 3.87e4+01 890e+00 | 3.3le—01 5.90e —02 | 7.72e4+01 1.23¢+01 | 7.69¢ —11 4.83e — 11
F3 4.65e+01 2.12e+01 | 4.90e+01 1.97e+01 | 6.99e+01 3.58¢+01 | 3.10e+01 8.65¢+00 | 5.64e +07 1.42¢e+08 | 6.38¢ — 01  1.49¢ + 00
F4 4.78¢ —01 9.58¢ — 01 | 1.99¢e —01 8.12e —01 | 3.2le+01 1.38¢e+401 | 4.79e —02 2.0le—01 | 1.12¢e4+02 2.74e+4+01 | 3.72¢e 4+ 02 8.68e 4 01
F5 2.96e — 04 1.48¢ —03 | 2.96e —04 1.48¢—03 | 9.86e —04 2.76e —03 | 0.00e +00 0.00e 400 | 9.02e —01 1.82¢e+00 | 2.16e —01 5.64e — 01
F6 1.49¢ — 13 3.78e — 14 | 2.58¢ —13 1.19¢—13 | 7.16e—14 1.86e—14 | 1.39e —13 9.43e—15 | 3.23¢+00 2.44e+00 | 1.90e +01 1.02e + 00
F7 1.05e — 15 3.2le—15 | 2.70e —11 1.33e —10 | 2.22¢e —15 1.17e—15 | 888e — 17 1.96e—16 | 1.23e —09 1.45e—09 | 2.10e+01 1.38e+ 01
F38 1.64de+01 3.72e+4+01 | 1.55e+02 3.91e+02 | 9.02e+ 10 0.00e 400 | 9.02e +10 0.00e 400 | 9.02e +10 9.02e 406 | 9.03e + 10  9.39¢ 4 07
F9 5.35e — 02 9.50e — 02 | 4.40e —03 8.08¢—03 | 2.85e+02 5.30e+00 | 2.73e+02 7.40e —01 | 3.11e+02 4.98¢+00 | 3.16e+02 7.03e + 00
F10 9.67¢ —32 4.73e —31 | 1.78e —22 6.97¢ —22 | 1.53¢e+00 1.29¢+4+00 | 6.50e —29 3.60e —29 | 7.72¢4+00 2.93e+ 00 | 9.25e+ 00 2.82e¢ + 00
F11 2.8le—02 5.00e —02 | 2.65e —02 1.0le—01 | 9.65e —01 2.02¢e+00 | 6.26e —05 1.30e —05 | 1.0le—02 1.26e —02 | 1.95e+02 3.65e + 01
F12 8.34e — 05 4.00e —04 | 1.27e— 05 4.66e —05 | 5.82e4+00 1.03e+01 | 5.26e —13 1.64de—13 | 8.23e+01 1.53e+02 | 1.14e4+02 1.0le+ 01
F13 3.06e +01 1.99e+01 | 2.75e+01 5.77e+00 | 5.97e+01 2.22e+01 | 2.48¢+01 1.31e+00 | 1.43e+07 3.29e +07 | 1.16e+ 02 1.43e+ 01
F14 2.79¢e — 01 6.75¢ —01 | 1.99¢e — 01 8.12¢ —01 | 3.35e+01 1.86e+01 | 3.55e —08 2.26e —08 | 6.76e+01 1.30e +01 | 2.71le4+ 02 7.30e + 01
F15 9.68¢ — 15 3.43e—14 | 1.08e — 12 3.78¢—12 | 2.29e—01 6.07e — 01 | 1.99e —24 3.22e —24 | 3.07e4+00 5.32e+00 | 3.94e+01 1.25e+ 02
F16 3.77e — 03 1.13e —02 | 8.22e—05 4.09¢e —04 | 5.64e+00 8.47e+00 | 1.56e —09 2.8le —10 | 5.60e+01 5.16e+01 | 2.23e+02 1.50e + 01
F17 4.86e4+00 6.32¢+00 | 3.33e4+00 4.82¢e+00 | 1.51le4+01 1.43e+01 | 852e—01 4.92e—01 | 7.6le4+06 2.44e+07 | 3.47e4+02 2.18¢+ 01
F18 8.59¢ —02 2.76e—01 | 4.39e—02 1.99¢—01 | 5.73e4+00 5.26e+00 | 1.28 —04 4.63e —05 | 6.76e+ 01 3.46e+ 01 | 3.59¢ + 02 8.45e+ 01
F19 1.33¢ —23 5.99¢ —23 | 1.6de— 16 7.87e—16 | 1.23e+00 9.26e — 01 | 2.00e —24 1.50e —24 | 1.95e+02 5.0le4+02 | 1.71e4+03 5.84e + 03
100-dimensional

F1 2.43e — 13 5.57e—14 | 3.34e—13 9.6le—14 | 1.12¢ —16 4.28¢ — 17 | 7.77e — 17 1.13e —17 | 4.67e+02 7.02¢ +02 | 5.55e¢ — 17 1.26e — 32
F2 2.12e+01 9.36e+ 00 | 2.27e+01 8.64e+00 | 7.74e4+01 7.77e+00 | 4.60e +00 4.24e —01 | 9.96e+ 01 1.16e+01 | 2.6le —03 1.30e — 02
F3 1.10e 4+ 02 2.66e+01 | 1.03¢e+02 3.06e+ 01 | 4.43e+02 3.63e+02 | 80le+01 1.03¢e+01 | 1.52¢e+08 2.69¢e+08 | 1.23e+ 01 1.80e + 01
F4 1.07e+00 2.07e4+00 | 3.58e —01 1.25e+400 | 1.0le4+02 2.25e+401 | 9.53¢ — 03 4.76e —02 | 2.92e+02 5.16e+ 01 | 8.38¢e+ 02 1.39¢+ 02
F5 2.96e —04 1.48¢—03 | 1.65e—13 3.58¢—14 | 2.93e —02 5.32e—02 | 2.55e—17 5.19e—18 | 5.95e+00 1.29e+01 | 2.68e+00 1.05e + 01
F6 4.14e — 13 9.95e — 14 | 4.41le—12 1.27e—11 | 1.55e+00 3.88¢ —01 | 3.10e —13 1.62¢ —14 | 4.79¢e+00 1.87e+00 | 1.86e+ 01 2.45e + 00
F7 2.26e — 15 1.02e—14 | 2.94e —05 1.47e—04 | 1.39e—14 7.12e—15 | 3.80e — 17 5.29e — 17 | 8.67e—02 3.70e — 01 | 6.35e+ 01 2.36e + 01
F38 8.60e +02 2.18¢+03 | 2.24e+03 2.93¢+03 | 1.79e+ 11 0.00e+00 | 1.79¢e+ 11 0.00e +00 | 1.79e 4+ 11 1.92e+ 07 | 1.80e+ 11  3.54e 4 08
F9 4.80e —02 1.09e — 01 | 2.04de —03 5.99¢ —03 | 5.43e+02 1.36e+01 | 5.06e+02 9.16e —01 | 5.87e4+02 1.0le+01 | 6.08e+02 1.07e+ 01
F10 4.84e — 28  2.40e — 27 | 2.08e —23 6.17e —23 | 1.54e+01 3.3le+00 | 1.35e —28 3.86e —29 | 2.89¢+01 1.0le+01 | 1.93¢e+01 5.10e+ 00
F11 7.29e —02 1.69e —01 | 4.44e—03 1.34e—02 | 4.3le+01 2.09e+01 | 1.25e —04 1.43e—05 | 2.80e+01 3.02¢e+ 01 | 4.82e+02 4.27e¢+ 01
F12 2.66e — 03 9.35e — 03 | 1.17e — 03 3.72¢ —03 | 7.2le4+01 3.21e+01 | 6.44e—11 1.52e—11 | 8.72e4+02 2.55e+03 | 2.41le+02 1.23e+ 01
F13 6.74e +01 2.55e+01 | 6.30e+01 2.20e+01 | 2.76e+4+02 6.18¢e+01 | 6.13¢e+01 1.00e 400 | 9.37Te4+ 07 4.02¢ +08 | 2.59¢ + 02 2.16e + 01
F14 7.56e —01 2.12¢e4+00 | 1.20e —01 3.30e — 01 | 9.37e+01 1.56e+ 01 | 4.48¢ —02 2.24e—01 | 2.25e+02 4.59¢+ 01 | 6.19e+02 9.25e¢ 4 01
F15 6.36e — 14 3.09e — 13 | 7.16e— 14 3.50e — 13 | 3.67e4+00 1.76e+00 | 7.10e —23 7.00e —23 | 5.99e4+00 1.19e+01 | 5.57e4+01 5.22e + 01
F16 3.03e —03 9.53e —03 | 1.96e —03 9.43e —03 | 1.10e+02 3.80e+01 | 1.94e —02 9.70e —02 | 2.08e +02 1.49e+ 02 | 4.84e+02 2.08e+ 01
F17 1.92e+01 2.29¢+401 | 1.30e+01 1.8le4+01 | 1.78e +02 5.49¢+401 | 1.19e+01 2.62e+400 | 4.36e+ 07 7.09e 407 | 7.04de+02 3.92e 4 01
F18 4.71le—01 1.0le+00 | 3.99¢ —02 1.99¢ —01 | 1.04e+02 4.39¢+01 | 2.92¢ —04 6.77e —05 | 2.37Te+02 7.02¢+01 | 1.09¢ +03 4.15e+ 02
F19 5.54e —23 2.77e —22 | 5.86e — 17 2.93e—16 | 1.17e+01 2.6le+00 | 4.79e —23 2.65¢ —23 | 4.70e +02 1.84e+ 03 | 5.83e +03 9.85e¢ + 03
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Average errors and standard deviations of the DEGPOA, eDEGPOA, and

Table A.6

= 200 and 500.

mension n

the base algorithms in the SOCO suite, for d

Problem DEGPOA eDEGPOA DEpin DEexp CHC GCMAES

Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

200-dimensional
F1 5.82e —13 1.4le—13 | 7.12e—13 1.20e—13 | 6.39e—16 5.32¢—16 | 1.78¢ —16 1.60e — 17 | 9.6le+02 1.65¢+03 | 1.17e—16 1.13e — 17
F2 4.65e+01 9.30e+00 | 5.24e+01 1.21e4+01 | 1.0le4+02 5.90e+4+00 | 1.89e+01 1.05e400 | 1.17e4+02 7.60e+ 00 | 7.47e —02 2.44e — 01
F3 2.04e +02 3.48¢+01 | 2.12e+02 3.38¢+01 | 6.38¢e+02 3.80e+02 | 1.79e +02 8.89e¢+00 | 2.54e +08 3.97e +08 | 1.24e+ 02 8.85e + 01
F4 1.43e+00 3.11e4+00 | 3.98e —01 1.32e4+00 | 4.2le+02 5.63e+4+01 | 852¢e —02 3.98¢—01 | 6.32¢e+02 8.43e+01 | 1.57e+03 1.54e 4 02
F5 4.45e —12 2.07e—11 | 3.57e—13 6.72e — 14 | 3.00e —01 7.73e —01 | 7.49¢e — 17 6.94e — 18 | 1.02e +01 1.59e+01 | 1.13e4+00 2.84e + 00
F6 9.15e — 13 2.2le—13 | 1.85e—12 1.76e —12 | 5.28¢+00 9.65¢ —01 | 6.46e — 13 2.53e—14 | 8.14e+ 00 2.26e+00 | 1.93e+01 7.39¢ — 01
F7 6.34e — 15 1.15e — 14 | 6.4le—12 3.16e—11 | 1.78e — 11 4.65e — 11 | 2.25e — 16 1.92e — 16 | 3.95e — 01 1.21e+00 | 1.25e+02 1.92e+ 01
F38 5.92e+03 7.34e+03 | 1.56e+04 1.62¢+04 | 833e+11 0.00e+00 | 833e+11 0.00e+00 | 833e+11 3.09¢e+ 08 | 8.56e+ 11  3.36e + 09
F9 3.79¢e — 02 8.17e—02 | 5.54e —03 1.55e—02 | 1.13e4+03 1.87e+01 | 1.0le4+03 1.30e+00 | 1.18¢e4+03 8.29¢e+00 | 1.22e4+03 1.79¢ + 01
F10 8.23e —28 4.11e — 27 | 2.03e —21 1.02e —20 | 5.52e+01 1.02e+01 | 2.77e —28 5.31le —29 | 7.34e+01 6.25e+01 | 3.76e+ 01 2.78e + 01
F11 5.20e —02 1.15e —01 | 3.68¢e —03 1.00e —02 | 3.95e+02 6.11le+01 | 2.55e —04 3.20e —05 | 4.03e+02 8.45e+01 | 1.08e +03 8.25e + 01
F12 1.5le — 03 4.22e—03 | 1.46e—03 7.27e—03 | 2.84e+02 497e+4+01 | 9.97e—10 2.0le—10 | 8.1le+02 1.58¢ 403 | 5.87e+ 02 4.52e 4 02
F13 1.47¢e+02 3.46e+01 | 1.37e+02 3.8le4+01 | 7.52¢e+02 2.7le+02 | 1.40e+ 02 1.26e+ 01 | 2.06e+08 3.51le+ 08 | 5.92¢+ 02 1.08e + 02
F14 5.17e —01 1.41e+00 | 1.19e—01 5.97e—01 | 3.11le4+02 3.66e+01 | 8.08e —03 4.04e —02 | 4.90e+02 5.23e+01 | 1.26e+03 1.81e+ 02
F15 7.95e — 14 2.05e—13 | 1.29e — 13 4.57e—13 | 1.17e+01 2.85e+00 | 3.7le—24 2.32¢e —24 | 1.40e+01 9.80e+00 | 1.95e+02 1.66e+ 02
F16 1.62e —02 4.13e —02 | 2.25e—05 6.82e —05 | 5.58¢e+02 7.96e+01 | 7.85e—09 1.11le—09 | 6.77e+02 6.04de 402 | 9.56e+ 02 3.33e 4 01
F17 5.99¢ 4+01 3.05e+01 | 4.71le4+01 2.84e+01 | 1.03e4+03 1.11le+02 | 3.71le4+01 8.30e—01 | 1.17e4+07 1.70e +07 | 1.49e+ 03 8.00e + 01
F18 5.48¢ — 02 2.06e — 01 | 4.00e —02 1.99¢e—01 | 7.53e+02 6.55¢e+01 | 5.10e —04 9.97e—05 | 7.67e+02 2.14e+02 | 3.94e+03 3.91e+ 03
F19 243e—16 1.03e—15 | 1.72e — 15 6.24e—15 | 4.0de+01 7.71le+00 | 1.67e —22 7.58¢—23 | 7.5le+02 1.76e+ 03 | 2.53e+04 2.45¢ + 04
500-dimensional

F1 1.57e —12 2.76e—13 | 1.6le—12 4.0le—13 | 3.88¢e—05 7.93e—05 | 5.17e—16 1.36e —17 | 9.25e+ 02 1.27e+ 03 n/a n/a
F2 8.93e4+01 1.20e+01 | 8.76e+01 1.17e+01 | 1.25e+02 5.37e+00 | 5.38¢+01 1.21e+00 | 1.35e +02 5.52e + 00 n/a n/a
F3 5.28¢ 4+ 02 8.52e+01 | 5.00e+02 2.83e+01 | 3.44e+04 1.62¢+05 | 4.74e+02 1.48¢+00 | 6.93e +08 1.72¢ + 09 n/a n/a
F4 1.87e+00 5.67e4+00 | 3.98e —02 1.99¢ —01 | 2.35e+03 1.60e+402 | 7.12e —01 9.64de —01 | 2.11le4+03 1.66e + 02 n/a n/a
F5 8.48¢ — 13 1.51le—13 | 8.6le—13 1.54e—13 | 3.11le—01 5.07e—01 | 2.38e —16 1.18¢e — 17 | 1.45e+01 2.52e+ 01 n/a n/a
F6 3.28¢ — 12 1.39¢e—12 | 291le—12 3.78¢ —13 | 1.49e+01 8.38e¢—01 | 1.6de —12 4.85e—14 | 1.27e+ 01 1.26e + 00 n/a n/a
F7 6.2le — 13 2.14de—12 | 2.74e—13 1.36e—12 | 2.74e—03 6.49¢e —03 | 7.29e — 16 3.58¢ —16 | 3.33e — 05 1.12¢ — 04 n/a n/a
F8 9.60e +04 9.04e+04 | 1.11e+05 1.18¢+05 | 4.94e+12 0.00e +00 | 4.94e+12 0.00e +00 | 4.94e+ 12 1.42e+ 08 n/a n/a
F9 547e —02 1.37e—01 | 3.58¢ —03 9.41e—03 | 2.97e4+03 3.17e+01 | 2.52e4+03 2.10e +00 | 3.00e +03 1.64e + 01 n/a n/a
F10 1.4le—31 4.85e—31 | 1.51le—30 3.54e—30 | 1.36e+02 2.08e+401 | 9.79¢e —28 1.43e —28 | 1.64e+ 02 5.62e+ 01 n/a n/a
F11 1.3le—01 3.27e—01 | 3.88e—03 9.22¢ —03 | 2.34e+03 9.22e+401 | 6.78e —04 3.60e —05 | 1.67e+ 03 1.44e+ 02 n/a n/a
F12 1.55e — 02 4.42e—02 | 1.25e—05 4.65e—05 | 1.02¢e4+03 6.68e+01 | 6.80e —09 8.58¢ —10 | 1.62e+03 1.83e+ 03 n/a n/a
F13 3.91le4+02 5.28¢+01 | 3.54e+02 3.0le+01 | 2.49e+03 3.13¢e+02 | 3.60e+02 9.23¢e+00 | 3.41e+08 4.29¢ + 08 n/a n/a
F14 7.57e — 01 2.73¢+00 | 1.23e—04 6.13¢ —04 | 1.67e+03 1.5le+02 | 3.93e —01 1.05e+00 | 1.59e+03 1.57e+ 02 n/a n/a
F15 9.20e — 13 3.33e—12 | 82le—13 3.77e—12 | 4.44e+01 5.59¢e+00 | 2.93e —18 7.16e — 18 | 3.50e +01 1.20e + 01 n/a n/a
F16 1.04e — 02 4.78e —02 | 2.7T4e — 06 7.42e —06 | 2.02e+03 8.60e+ 01 | 2.05e —08 1.64de—09 | 1.92e+ 03 1.44e+ 03 n/a n/a
F17 1.41le4+02 4.51e+4+01 | 1.39e+02 3.57e+4+01 | 3.83e+03 1.41le+4+02 | 1.12¢e4+02 1.02e4+00 | 6.64de+ 08 1.64e 4 09 n/a n/a
F18 3.24e — 01 8.12e —01 | 4.02e —02 1.99e —01 | 3.37Te4+03 4.34e+02 | 1.25e —03 1.87e —04 | 2.74e+ 03 3.59e + 02 n/a n/a
F19 7.64e — 16 2.69¢ —15 | 2.29e —21 1.13¢ —20 | 1.29e +02 2.34e+01 | 3.35e —21 2.15e —21 | 2.05e+03 4.03e¢ + 03 n/a n/a
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k5

T f1 fe f3 fa fs fe fz fs fo

m DEGPOAo 5

Q. 30 0.00c +00  847e+06  249e+08  2.56e-+04  0.00e+00  257e+01  1.00e+02  210e+01  2.65¢+ 01
m 50 0.00e +00  1.89¢+07  2.66e+09 558 -+04  2.86e—07  4.66e+01  1.4le+02  212e+01  5.25¢+ 01
.L.hn eDEGPOA 5

o) 30 0.00e +00  1.20e+07  597e+08  3.00e+04  0.00e+00  248¢+01  94le+01  210e+01  2.62+ 01
mo 50 0.00c +00  3.06e+07  3.86e+09  553e+04 422 —10  4.6de+01  1.4le+02  212e+01 529+ 01
g SMADE

L_hm 30 0.00e +00  0.00e+00  9.82-+03  0.00e+00  0.00e+00  2.67e+00  325¢+01  210e+01  2.23e+01
= 50 0.00e +00  0.00e+00  3.8le+05  0.00e+00  0.00e+00  4.30e+01 432 +01  21le+01  4.36e+ 01
= TLBSaDE

< 30 0.00e +00  6.73¢+03  39le+01  2.34e+00  0.00e+00  1.0d4e—02  1.54e+01  2.08e+01  2.69 + 01
m 50 0.00e+00  1.68¢+05  7.08e+05  658¢+02  0.00e+00  4.07e+01  4.96e+01  21le+0l  6.09 + 01
m JANDE

2 30 0.00e +00  1.29¢+05  9.84e+06  197e+04  1.26e—08  7.93¢+00  9.82¢+00  2.09e+01  2.10e+ 01
< . 50 2.76e — 08  6.05e+05  4.78e+07  8.34e+04  243¢—06  4.30e+01  294e+01  21le+01  5.33e+01
m m DE_APC

G 30 0.00e+00  1.75¢+05  32le+06  2.20e—01  0.00e+00  9.35¢+00  2.18¢+01  2.09e+01  3.07e+01
M m 50 0.00e +00  3.60e+05  698¢+06  153e¢+00  0.00e+00  3.90e+01  3.66e+01  21le+0l  6.09 + 01
hm ml TPC-GA

< 8 30 0.00e +00  244e+05  3.80e+07  1.38¢+01  0.00e+00  243e+01  29le+01  210e+01  3.6le+01
o 2 50 0.00e +00  4.76e+05  1.06e+08  3.33¢+00  0.00e+00 472 +01  4.17e+01  212e+01  7.30e+ 01
S r_h PVADE

3 = 30 0.00e+00 212 +06  1.65¢+03  1.70e+04  1.40e —07  8.29¢+00  1.29¢+00  2.09¢+01  6.30e + 00
<% = 50 0.00e +00  2.04e+05  7.48e+06  2.20e+02  1.39e—03  7.36e+01  2.07e+01  21le+01  2.60e+ 01
m W CDASA

M N 30 0.00e +00  9.52¢+05  454e+07  1.83e—01  819e—06  3.54e+01  6.95¢+01  2.09e+01  2.35¢+ 01
= m 50 0.00e +00  1.93¢+06  2.18¢+08 158 —02  8.40e—06  4.80e+01  1.0de+02  21le+01  4.67e+01
< © PLES

W m 30 0.00c +00  1.3de+07  1.94e+09  4.47e+04  0.00e+00  7.77e+01  1.18¢+02  2.09e+01  3.3le+01
- 50 0.00e +00  1.59¢+07  5.06e+09  543e+04  3.19e—10  9.70e+01  1.28¢+02  21le+01  6.15e+ 01
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Average errors of the DEGPOA, eDEGPOA and other algorithms provided

he CEC-2013 for fio-fi9 test problems.

Table A.8

Int

fio fi1 fiz2 fi3 fia fis fie fi7 fis fi9
DEGPOAg 5
30 1.79e 4+ 00 3.32e — 01 8.90e + 01 1.40e + 02 1.80e + 01 3.79¢ + 03 1.33e + 00 3.05e + 01 1.41e 4+ 02 9.96e — 01
50 6.39¢ + 00 2.93e — 01 2.70e + 02 3.66e + 02 1.15e + 01 7.73e + 03 1.79e + 00 5.08¢e + 01 3.25e 4+ 02 1.82e + 00
eDEGPOAy 5
30 2.01le + 00 7.80e — 02 1.05e 4 02 1.57e 4 02 1.73e + 01 3.79¢ + 03 1.46e + 00 3.05e + 01 1.48e + 02 9.63e — 01
50 7.08e + 00 2.15e — 01 3.10e + 02 4.03e 4 02 2.22e + 01 7.90e + 03 1.82e 4+ 00 5.09¢ + 01 3.33e 4+ 02 1.80e + 00
SMADE
30 1.84e — 02 1.09e + 01 5.72e + 01 1.28e + 02 1.33e + 02 4.10e + 03 1.31e — 01 3.48e + 01 8.33e 4+ 01 2.55e + 00
50 2.47e — 02 4.81e 4+ 01 1.57e 4 02 3.35e + 02 3.41e + 02 8.54e + 03 8.96e — 02 6.57e 4+ 01 1.93e + 02 5.43e + 00
TLBSaDE
30 1.62e — 02 0.00e + 00 4.99¢e + 01 8.58¢e + 01 3.07e + 01 3.61le + 03 1.48e + 00 3.25e 4+ 01 7.68e + 01 2.67e + 00
50 1.76e — 02 0.00e + 00 1.20e + 02 2.19e + 02 8.25e + 02 7.69e + 03 1.80e + 00 7.95e + 01 1.81e + 02 7.57e + 00
JANDE
30 7.91e — 02 0.00e + 00 4.28e 4+ 01 7.08e + 01 1.33e + 00 4.83e + 03 2.28e + 00 3.04e 4 01 1.23e + 02 1.10e + 00
50 1.47e — 01 1.95e¢ — 02 9.72e 4+ 01 1.76e + 02 8.01e + 00 9.48e + 03 3.13e 4+ 00 5.08e 4+ 01 2.18e + 02 2.24e + 00
DE_APC
30 6.42¢ — 02 3.08e + 00 3.17e 4+ 01 7.55e + 01 3.84e + 03 4.14e + 03 2.46e + 00 5.92e 4+ 01 6.04e 4+ 01 2.30e + 00
50 6.71e — 02 3.44e 4 01 5.96e + 01 1.55e 4+ 02 9.96e + 03 9.34e 4+ 03 3.24e 4+ 00 1.72e + 02 1.05e 4+ 02 5.08e + 00
TPC-GA
30 8.68e — 02 2.39¢ + 01 4.14e 4+ 01 8.41e 4+ 01 9.25e + 02 3.97e + 03 2.50e 4 00 5.44e 4 01 6.96e 4 01 3.28e 4 00
50 1.05e — 01 5.57e + 01 9.62e + 01 1.92e 4+ 02 2.55e + 03 9.40e + 03 3.38¢e + 00 1.15e + 02 1.68e + 02 8.92e 4 00
PVADE
30 2.16e — 02 5.84e + 01 1.15e 4+ 02 1.31e + 02 3.20e + 03 5.61le + 03 2.39e + 00 1.02e 4+ 02 1.82e + 02 5.40e + 00
50 5.99¢ — 01 1.68e + 02 2.57e + 02 3.06e + 02 7.34e + 03 1.25e¢ 4+ 04 3.39¢ + 00 2.38¢ + 02 3.87e + 02 2.12e + 01
CDASA
30 3.55e — 02 1.17e 4+ 00 1.17e¢ 4+ 02 1.86e + 02 6.64e + 02 3.87e 4+ 03 3.26e — 01 3.40e + 01 1.96e + 02 2.10e + 00
50 4.66e — 02 2.15e + 00 2.67e + 02 4.11e + 02 1.08e + 03 7.33e + 03 4.97e — 01 5.82e + 01 4.43e 4 02 3.69e + 00
PLES
30 1.18e 4+ 01 1.65e + 02 2.15e + 02 3.29¢ + 02 2.61le + 03 4.39¢ + 03 1.32e + 00 2.43e + 02 2.57e + 02 2.41e + 01
50 2.99¢ + 01 3.53e + 02 4.41e + 02 6.38¢ + 02 5.06e + 03 8.51le 4+ 03 2.07e 4+ 00 6.01le 4+ 02 6.33e 4+ 02 1.28e + 02
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k5

T f20 fa1 fa2 fa3 f2a fa5 f26 far fas

m DEGPOAo 5

Q. 30 1.30e+01  287e+02  6.93e+01  4.34de+03  267e+02  2.67e+02  20le+02  9.46e+02  3.00e + 02
m 50 2.33¢+01 502 +02  224de+01  9.07e+03  3.38¢+02  3.36e+02  2.04e+02  1.57e+03  4.00e + 02
= eDEGPOA, 5

o) 30 1.30e+01 292402  1.0le4+02  4.66e+03  2.69e+02  2.69e+02  20le+02  83le+02  3.00e+ 02
ﬂwo 50 2.34e+01 539 +02  4.99e+01  9.17e+03  3.39e+02  3.39e+02  2.04e+02  1.67e+03  4.00e+ 02
3 SMADE

mum 30 1.05e+01  327e+02  1.79¢+02  4.22e+03  232e+02 278 +02  215e+02  6.47e+02  3.88 + 02
S 50 1.92¢+01  846e+02  3.39¢+02  9.89¢+03  3.00e+02  3.68¢+02 29le+02  1.18¢+03  1.07¢+03
= TLBSaDE

< 30 1.06e+01  2.67e+02  290e+02  4.34¢+03  3.03¢+02  296e+02  2.00e+02  1.19¢403  2.96¢ -+ 02
m 50 1.93¢+01  3.12e4+02  259¢+03  9.68¢+03  3.98¢+02  3.79¢+02  20le+02  2.17e+03  4.00e+ 02
nEu JANDE

@ 30 1.16e+01  2.94e4+02  5.16e+01  4.6le+03  248¢+02  2.60c+02  258¢+02  7.22¢+02  3.00e+ 02
< " 50 2.15¢+01  824e+02  3.10e+01  9.48¢+03  289e-+02  3.17e+02  3.97¢+02  1.16e+03  9.43¢ + 02
m m DE_APC

nEu 2 30 1.26e+01  2.67e+02  4.56e+03  4.18¢+03  2.92¢+02  2.99¢+02  3.28¢+02  1.19¢+03  3.00e+ 02
o o 50 2.23¢+01  68le+02  1.06e+04  9.09¢+03  3.84c+02  3.83¢+02  4.09¢+02  214e+03  6.97¢ + 02
m w TPC-GA

cm = 30 1.37e+01 292402  127e+03  4.33¢+03  2.74e+02 298¢ +02  3.25e+02  1.03e¢+03  3.00e-+ 02
@ r_n 50 2.34¢+01  7.93¢+02  35le+03  9.93¢+03  3.77e+02  3.86e+02 422 +02  2.03e+03  4.59 + 02
m rm PVADE

v 30 113¢+01  3.19e+02  250e+03  58le+03  2.02+02  230e+02  218e+02  3.26e+02  3.00e-+ 02
MOM 50 2.07e+01  9.65e+02  7.72e+03  1.18e+04 278 +02  3.54e+02  3.47e+02  1.1le+03  4.62 + 02
m S CDASA

< 30 148¢+01  277e+02  4.89e+02  54le+03  298¢+02  3.15e+02  29le+02  1.08¢+03  3.87e+ 02
& m 50 243e+01  6.86e+02  7.32e+02  1.0le+04  3.74e+02  4.04e+02  344e+02  1.60e+03  1.04e+ 03
< © PLES

W m 30 143¢+01  3.30e4+02  3.25¢+03  500e+03  297e+02  3.27e+02  246e+02 1156403  2.08¢+03
S g 50 2.37e+01 758 +02  650e+03  1.02¢+04  3.83e+02  44de+02  426e+02  2.03e+03  4.02¢ + 03
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ions of the PSOPNA and the base

lat

mension n

Average errors and standard devi

Table A.10

= 50 and 100.

algorithms in the SOCO test suite, for d

Prob. PSOPNAy 5/1.5 DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD
50-dimensional
F1 2.32¢e — 13 2.80e — 13 3.00e — 17 7.69¢ — 18 2.78e¢ — 17 6.29¢ — 33 2.90e + 02 5.69e + 02 2.78¢ — 17 6.29¢ — 33
F2 1.59¢ + 01 9.16e + 00 3.87e 4+ 01 8.90e + 00 3.31e — 01 5.90e — 02 7.72e 4+ 01 1.23e + 01 7.69e — 11 4.83e — 11
F3 4.09¢ + 01 3.79¢ + 01 6.99¢ + 01 3.58¢ + 01 3.10e + 01 8.65¢ + 00 5.64e + 07 1.42e + 08 6.38¢ — 01 1.49¢e + 00
F4 1.74e + 02 4.29e 4 01 3.21e 4+ 01 1.38e 4+ 01 4.79e — 02 2.0le — 01 1.12e + 02 2.74e 4+ 01 3.72e 4+ 02 8.68e 4+ 01
F5 6.39¢ — 03 1.18e — 02 9.86e — 04 2.76e — 03 0.00e + 00 0.00e + 00 9.02¢ — 01 1.82e¢ + 00 2.16e — 01 5.64e — 01
F6 2.30e + 00 1.54e + 00 7.16e — 14 1.86e — 14 1.39¢ — 13 9.43e¢ — 15 3.23e¢ 4+ 00 2.44e + 00 1.90e + 01 1.02e + 00
F7 2.80e — 16 5.35e — 16 2.22e — 15 1.17e — 15 8.88¢ — 17 1.96e — 16 1.23e — 09 1.45e — 09 2.10e + 01 1.38e 4+ 01
F8 1.31e — 01 2.64e — 01 9.02e + 10 0.00e + 00 9.02¢ + 10 0.00e + 00 9.02¢ + 10 9.02¢ + 06 9.03e¢ + 10 9.39¢ + 07
F9 1.44e + 02 4.12e 4+ 01 2.85e + 02 5.30e + 00 2.73e + 02 7.40e — 01 3.11e 4+ 02 4.98¢ + 00 3.16e + 02 7.03e + 00
F10 6.63e 4+ 00 5.57¢ 4+ 00 1.53e + 00 1.29¢ + 00 6.50e — 29 3.60e — 29 7.72e + 00 2.93e 4+ 00 9.25¢ 4+ 00 2.82¢ + 00
F11 1.39¢ + 02 3.81e + 01 9.65e — 01 2.02e + 00 6.26e — 05 1.30e — 05 1.0le — 02 1.26e — 02 1.95e¢ + 02 3.65¢ + 01
F12 3.19¢ 4 01 3.65¢ + 01 5.82e + 00 1.03e 4+ 01 5.26e — 13 1.64e — 13 8.23e 4+ 01 1.53e + 02 1.14e + 02 1.01le 4+ 01
F13 1.13e 4 02 4.70e + 01 5.97e + 01 2.22e + 01 2.48e + 01 1.31e 4+ 00 1.43e + 07 3.29¢ + 07 1.16e 4 02 1.43e 4+ 01
Fl14 1.25e + 02 2.49¢ + 01 3.35¢ + 01 1.86e + 01 3.55¢ — 08 2.26e¢ — 08 6.76e¢ + 01 1.30e + 01 2.7le + 02 7.30e + 01
F15 4.20e — 02 2.10e — 01 2.29e — 01 6.07e — 01 1.99¢ — 24 3.22e — 24 3.07e 4+ 00 5.32e + 00 3.94e 4+ 01 1.25e + 02
F16 9.35¢ + 01 4.98¢ + 01 5.64e + 00 8.47¢ + 00 1.56e — 09 2.81e — 10 5.60e + 01 5.16e + 01 2.23¢ + 02 1.50e + 01
F17 2.98e + 02 3.84e 4+ 01 1.51e 4+ 01 1.43e 4+ 01 8.52e — 01 4.92e — 01 7.61e + 06 2.44e + 07 3.47e 4+ 02 2.18e + 01
F18 7.28¢ + 01 7.22¢ 4+ 00 5.73e 4+ 00 5.26e + 00 1.28¢ — 04 4.63e — 05 6.76e¢ + 01 3.46e + 01 3.59¢ + 02 8.45¢ + 01
F19 2.76e + 00 3.04e + 00 1.23e + 00 9.26e¢ — 01 2.00e — 24 1.50e — 24 1.95e + 02 5.01le + 02 1.71e + 03 5.84e 4 03
100-dimensional

F1 2.76e — 12 5.37e — 12 1.12e — 16 4.28¢ — 17 7.T7e — 17 1.13e — 17 4.67¢ + 02 7.02e + 02 5.55e — 17 1.26e — 32
F2 3.64e 4 01 1.08e 4+ 01 7.74e + 01 7.77e + 00 4.60e + 00 4.24e — 01 9.96e 4 01 1.16e 4+ 01 2.61le — 03 1.30e — 02
F3 1.32e¢ 4 02 8.18e + 01 4.43e + 02 3.63e + 02 8.0le + 01 1.03e 4+ 01 1.52e¢ + 08 2.69¢ + 08 1.23e 4+ 01 1.80e 4+ 01
F4 4.86e + 02 8.67e 4+ 01 1.01e 4 02 2.25e 4+ 01 9.53e — 03 4.76e — 02 2.92e 4 02 5.16e + 01 8.38¢e + 02 1.39¢ + 02
F5 3.15e — 03 7.8le — 03 2.93e — 02 5.32e — 02 2.55e — 17 5.19¢ — 18 5.95e + 00 1.29¢ + 01 2.68¢e + 00 1.05e + 01
F6 5.14e + 00 2.28e + 00 1.55e + 00 3.88¢ — 01 3.10e — 13 1.62e¢ — 14 4.79¢ + 00 1.87e + 00 1.86e + 01 2.45e 4+ 00
F7 7.69¢ — 13 2.72¢ — 12 1.39¢ — 14 7.12e — 15 3.80e — 17 5.29¢ — 17 8.67¢ — 02 3.70e — 01 6.35¢ + 01 2.36e + 01
F8 2.71e + 02 3.44e 4+ 02 1.79¢ + 11 0.00e + 00 1.79¢ + 11 0.00e + 00 1.79¢ + 11 1.92e + 07 1.80e + 11 3.54e + 08
F9 4.46¢ + 02 5.74e + 01 5.43¢ + 02 1.36e + 01 5.06e + 02 9.16e — 01 5.87¢ + 02 1.0le + 01 6.08e + 02 1.07e + 01
F10 2.50e 4+ 01 6.38¢e 4 00 1.54e + 01 3.31e 4+ 00 1.35e — 28 3.86e — 29 2.89¢ + 01 1.01le 4+ 01 1.93e 4+ 01 5.10e + 00
F11 4.78e + 02 6.32¢ + 01 4.31e + 01 2.09¢e + 01 1.25e — 04 1.43e — 05 2.80e + 01 3.02e + 01 4.82e + 02 4.27e + 01
F12 1.43e + 02 5.57e + 01 7.21e 4+ 01 3.21e 4+ 01 6.44e — 11 1.52e — 11 8.72e 4 02 2.55e + 03 2.41e + 02 1.23e + 01
F13 2.61le + 02 5.82e + 01 2.76e + 02 6.18¢ + 01 6.13e¢ 4+ 01 1.00e + 00 9.37e + 07 4.02e 4 08 2.59¢ + 02 2.16e + 01
Fl14 3.31e + 02 4.86¢ + 01 9.37¢ + 01 1.56e + 01 4.48¢ — 02 2.24e — 01 2.25¢ + 02 4.59¢ + 01 6.19¢ + 02 9.25¢ + 01
F15 1.83e 4+ 00 2.30e + 00 3.67e + 00 1.76e + 00 7.10e — 23 7.00e — 23 5.99e + 00 1.19e 4+ 01 5.57e¢ + 01 5.22e + 01
F16 3.39¢ + 02 4.56e + 01 1.10e + 02 3.80e + 01 1.94e — 02 9.70e — 02 2.08e + 02 1.49¢ + 02 4.84e 4+ 02 2.08¢ + 01
F17 6.26¢ + 02 6.07¢ + 01 1.78e + 02 5.49¢ + 01 1.19¢ + 01 2.62¢ + 00 4.36e + 07 7.09¢ + 07 7.04e + 02 3.92e¢ + 01
F18 1.81e 4 02 2.17e + 01 1.04e 4 02 4.39¢ 4 01 2.92e — 04 6.77¢ — 05 2.37e + 02 7.02e 4+ 01 1.09¢ + 03 4.15e 4+ 02
F19 1.38¢ + 01 6.03e + 00 1.17e + 01 2.61e 4+ 00 4.79¢ — 23 2.65¢ — 23 4.70e + 02 1.84e + 03 5.83e + 03 9.85e 4+ 03
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ions of the PSOPNA and the base

lat

mension n

Average errors and standard devi

Table A.11

= 200 and 500.

algorithms in the SOCO test suite, for d

Prob. PSOPNAg 5/1.5 DEpin DEexp CHC GCMAES

Mean StD Mean StD Mean StD Mean StD Mean StD

200-dimensional
F1 6.10e — 09 2.93e — 08 6.39¢ — 16 5.32e — 16 1.78¢ — 16 1.60e — 17 9.61e 4+ 02 1.65e¢ + 03 1.17e — 16 1.13e — 17
F2 6.10e + 01 8.44e 4 00 1.01le + 02 5.90e + 00 1.89¢ + 01 1.05e + 00 1.17e + 02 7.60e 4+ 00 7.47¢ — 02 2.44e — 01
F3 3.07¢ + 02 1.14e + 02 6.38e + 02 3.80e + 02 1.79e + 02 8.89¢ + 00 2.54e + 08 3.97¢ 4+ 08 1.24e + 02 8.85¢ + 01
F4 1.22e + 03 1.34e + 02 4.21e 4+ 02 5.63e 4+ 01 8.52e — 02 3.98¢e — 01 6.32e 4 02 8.43e + 01 1.57e + 03 1.54e + 02
F5 4.20e — 02 1.06e — 01 3.00e — 01 7.73¢ — 01 7.49e — 17 6.94e — 18 1.02e 4+ 01 1.59e 4+ 01 1.13e 4 00 2.84e + 00
F6 1.11e + 01 4.22¢ 4+ 00 5.28¢ + 00 9.65¢ — 01 6.46e¢ — 13 2.53e — 14 8.14e + 00 2.26¢e + 00 1.93e + 01 7.39¢ — 01
F7 2.77e — 08 1.18e — 07 1.78¢ — 11 4.65e — 11 2.25e — 16 1.92e — 16 3.95e — 01 1.21e 4+ 00 1.25e 4+ 02 1.92e 4+ 01
F8 1.0le + 04 1.30e + 04 8.33e + 11 0.00e + 00 8.33¢e + 11 0.00e + 00 8.33¢ + 11 3.09¢ + 08 8.56e + 11 3.36¢ + 09
F9 1.18e + 03 7.39¢ + 01 1.13e + 03 1.87e 4+ 01 1.0le 4 03 1.30e + 00 1.18¢ + 03 8.29e + 00 1.22e + 03 1.79¢ + 01
F10 5.64e + 01 9.29¢ + 00 5.52e 4+ 01 1.02e + 01 2.77e — 28 5.31e — 29 7.34e 4+ 01 6.25¢ + 01 3.76e 4+ 01 2.78¢ + 01
F11 1.17e + 03 6.83¢ + 01 3.95¢ + 02 6.11e + 01 2.55e — 04 3.20e — 05 4.03e + 02 8.45e + 01 1.08e + 03 8.25e¢ + 01
F12 3.56e + 02 5.83e + 01 2.84e + 02 4.97e 4+ 01 9.97e — 10 2.0le — 10 8.11e 4+ 02 1.58e + 03 5.87e + 02 4.52e 4+ 02
F13 6.25¢ + 02 8.59¢ + 01 7.52e + 02 2.71e + 02 1.40e + 02 1.26e + 01 2.06e + 08 3.51e + 08 5.92e + 02 1.08e + 02
Fl14 8.96e + 02 1.17e + 02 3.11e + 02 3.66e 4+ 01 8.08¢ — 03 4.04e — 02 4.90e + 02 5.23¢ + 01 1.26e + 03 1.81e + 02
F15 6.30e 4 00 3.07e + 00 1.17e + 01 2.85e 4+ 00 3.7le — 24 2.32e — 24 1.40e + 01 9.80e + 00 1.95e 4+ 02 1.66e + 02
F16 7.60e + 02 6.07¢ + 01 5.58¢ + 02 7.96¢ + 01 7.85¢ — 09 1.11e — 09 6.77¢ + 02 6.04e + 02 9.56e + 02 3.33¢ + 01
F17 1.29e + 03 8.24e 4 01 1.03e 4+ 03 1.11e 4 02 3.7le 4+ 01 8.30e — 01 1.17e + 07 1.70e + 07 1.49¢e + 03 8.00e 4 01
F18 4.26e + 02 4.56e + 01 7.53e + 02 6.55e 4+ 01 5.10e — 04 9.97¢ — 05 7.67e + 02 2.14e 4+ 02 3.94e 4+ 03 3.91e + 03
F19 4.16¢ + 01 6.67¢ + 00 4.04e + 01 7.71le 4+ 00 1.67e — 22 7.58e — 23 7.51e + 02 1.76e + 03 2.53e + 04 2.45e + 04
500-dimensional

F1 1.15e + 02 3.81e + 02 3.88¢ — 05 7.93e — 05 5.17e — 16 1.36e — 17 9.25¢ + 02 1.27e + 03 n/a n/a
F?2 9.65e + 01 1.43e + 01 1.25e 4 02 5.37e + 00 5.38e + 01 1.21e 4 00 1.35e 4+ 02 5.52e + 00 n/a n/a
F3 1.24e 4+ 07 5.97e + 07 3.44e + 04 1.62e 4 05 4.74e 4 02 1.48e + 00 6.93e + 08 1.72e 4+ 09 n/a n/a
F4 3.81e + 03 2.19e + 02 2.35e + 03 1.60e + 02 7.12e — 01 9.64e — 01 2.11e + 03 1.66e + 02 n/a n/a
F5 8.57e¢ — 01 1.82e 4+ 00 3.11e — 01 5.07e — 01 2.38e — 16 1.18¢ — 17 1.45e 4+ 01 2.52e + 01 n/a n/a
F6 1.91e + 01 3.69¢ — 01 1.49¢ + 01 8.38¢ — 01 1.64e — 12 4.85¢ — 14 1.27e + 01 1.26e + 00 n/a n/a
F7 5.89e¢ — 02 1.96e — 01 2.74e — 03 6.49¢ — 03 7.29e — 16 3.58e — 16 3.33e — 05 1.12e — 04 n/a n/a
F8 1.66e 4 05 1.23e 4+ 05 4.94e + 12 0.00e + 00 4.94e 4+ 12 0.00e + 00 4.94e + 12 1.42e 4+ 08 n/a n/a
F9 3.29¢ + 03 1.18e + 02 2.97e + 03 3.17e 4+ 01 2.52e + 03 2.10e + 00 3.00e + 03 1.64e + 01 n/a n/a
F10 1.11e 4+ 02 2.90e + 01 1.36e 4+ 02 2.08e¢ + 01 9.79¢ — 28 1.43e — 28 1.64e + 02 5.62e + 01 n/a n/a
F11 3.35e + 03 1.14e + 02 2.34e + 03 9.22¢ + 01 6.78¢ — 04 3.60e — 05 1.67e + 03 1.44e + 02 n/a n/a
F12 1.09e + 03 2.33e + 02 1.02e + 03 6.68e 4+ 01 6.80e — 09 8.58¢ — 10 1.62e + 03 1.83e + 03 n/a n/a
F13 3.39¢ + 05 1.68e + 06 2.49¢ + 03 3.13e + 02 3.60e + 02 9.23e + 00 3.41e 4+ 08 4.29¢e + 08 n/a n/a
Fl14 2.91e + 03 1.84e + 02 1.67e + 03 1.51e + 02 3.93e — 01 1.05e + 00 1.59e + 03 1.57e + 02 n/a n/a
F15 2.47e 401 7.28¢e + 00 4.44e 4+ 01 5.59¢ + 00 2.93e — 18 7.16e — 18 3.50e 4 01 1.20e 4+ 01 n/a n/a
F16 2.03e + 03 2.84e + 02 2.02e + 03 8.60e + 01 2.05e — 08 1.64e — 09 1.92e 4+ 03 1.44e 4+ 03 n/a n/a
F17 3.53e + 03 2.64e + 02 3.83e + 03 1.41e + 02 1.12e + 02 1.02e + 00 6.64¢ + 08 1.64e + 09 n/a n/a
F18 1.31e 4+ 03 1.38e 4+ 02 3.37e + 03 4.34e 4 02 1.25e — 03 1.87e — 04 2.74e + 03 3.59e + 02 n/a n/a
F19 9.13e + 01 2.0le + 01 1.29¢ + 02 2.34e + 01 3.35e — 21 2.15e¢ — 21 2.05¢e + 03 4.03e 4+ 03 n/a n/a
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APPENDIX B

AVERAGE ERRORS OF GPALS

Average errors of GPALS for the SOCO and CEC-2013 test suites.
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Average errors and standard deviations of the three GPALS-DE variants

and the base algorithms in the SOCO test suite, for d

Table B.1

= 50.

mension n

Problem GPALS-DEg 5 GPALS-DEg 2 GPALS-DEg g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

f1 6.59¢ — 14 2.13e — 14 1.34e — 13 3.23e — 14 6.59¢ — 14 2.13e — 14 3.00e — 17 7.69¢ — 18 2.78¢ — 17 6.29¢ — 33 2.90e + 02 5.69¢ + 02 2.78¢ — 17 6.29¢ — 33
f2 2.35e+ 00 2.49¢ +00 6.79¢ 400 2.78e¢+ 00 3.44e 4 00 2.55¢+ 00 3.87e + 01 8.90e 4+ 00 3.3le —01 5.90e — 02 7.72¢+01 1.23e+ 01 7.69e —11 4.83e — 11
f3 4.54e +01 1.18e+01 1.80e+ 01 2.49e+ 01 4.34e+ 01 1.89e+ 01 6.99¢ 4+ 01 3.58¢+ 01 3.10e + 01 8.65¢+ 00 5.64e + 07 1.42e 4 08 6.38¢ — 01 1.49e + 00
fa 9.78¢ — 14 3.08¢ — 14 2.39e — 01 5.94e —01 1.98e —13 3.07e — 13 3.21le+ 01 1.38e+ 01 4.79¢e —02 2.0le — 01 1.12e 402 2.74e + 01 3.72e 4+ 02 8.68e + 01
fs 2.96e — 14 5.68e — 15 5.12e — 14 2.59e — 14 2.96e — 14 5.68e¢ — 15 9.86e — 04 2.76e — 03 0.00e 4+ 00 0.00e 4+ 00 9.02¢ —01 1.82e+4 00 2.16e — 01 5.64e — 01
fe 1.32e — 13 4.70e — 14 4.38¢ — 09 2.19¢ — 08 7.37e — 13 1.76e —12 7.16e — 14 1.86e — 14 1.39e — 13 9.43e — 15 3.23e+ 00 2.44e 4+ 00 1.90e + 01 1.02e + 00
fr 0.00e + 00 0.00e + 00 2.06e —15 9.49¢ — 15 6.29¢ — 14 2.76e — 13 2.22¢ — 15 1.17e — 15 8.88¢ — 17 1.96e — 16 1.23e — 09 1.45e — 09 2.10e 4+ 01 1.38¢ + 01
fs 3.06e + 02 6.25e + 02 4.79¢ + 02 4.43e+02 7.78¢ 4+ 01 1.10e+ 02 9.02e + 10 0.00e + 00 9.02e + 10 0.00e 4+ 00 9.02e + 10 9.02e + 06 9.03e + 10 9.39¢ + 07
fo 1.94e — 07 6.58¢ — 07 9.12e — 07 2.48¢ — 06 5.83¢ — 06 9.41e — 06 2.85e¢+ 02 5.30e + 00 2.73e+ 02 7.40e —01 3.1le +02 4.98¢ 4 00 3.16e+ 02 7.03e + 00
f1o0 1.0le — 31 4.73e — 31 2.0le —30 1.0le —29 9.83e — 27 3.82e —26 1.53¢+00 1.29¢+ 00 6.50e —29 3.60e —29 7.72e + 00 2.93e+ 00 9.25¢+ 00 2.82e + 00
fia 1.10e — 06 5.0le — 06 7.38e —07 1.74e — 06 1.5le — 05 2.78e — 05 9.65e — 01 2.02¢ 4+ 00 6.26e — 05 1.30e —05 1.0le —02 1.26e — 02 1.95e + 02 3.65e + 01
f12 8.23e — 10 3.95e — 09 1.30e — 10 4.05e — 10 2.27e — 07 9.21e — 07 5.82e¢+ 00 1.03e +01 5.26e — 13 1.64e — 13 8.23e+ 01 1.53e+ 02 1.14e+ 02 1.0le+ 01
fi3 3.32e + 01 1.65e+ 01 4.46e+ 00 1.39e + 01 4.04e +01 2.03e+ 01 5.97e+ 01 2.22e 401 2.48¢+ 01 1.3le+ 00 1.43e+ 07 3.29e + 07 1.16e+ 02 1.43e + 01
f1a 7.19e — 09 2.0le — 08 1.76e —01 3.74e — 01 2.32e — 05 1.08e —04 3.35¢+ 01 1.86e+ 01 3.55e — 08 2.26e — 08 6.76e+ 01 1.30e +01 2.7le+ 02 7.30e + 01
fis 1.17e — 28 5.75¢ — 28 6.37e — 15 2.55e — 14 7.47e — 14 2.95¢ — 13 2.29¢ — 01 6.07¢ — 01 1.99e — 24 3.22e — 24 3.07e +00 5.32¢ + 00 3.94e + 01 1.25e + 02
f16 1.80e — 10 6.47e — 10 1.54e — 08 4.67e — 08 4.12¢ — 06 1.71le — 05 5.64e 4+ 00 8.47¢+ 00 1.56e — 09 2.8le —10 5.60e + 01 5.16e 4+ 01 2.23e 4+ 02 1.50e + 01
fi7 1.83¢ 4+ 00 4.64e+00 9.21e+00 1.33e+ 01 8.36e+ 00 4.81e +00 1.51e+ 01 1.43e+ 01 8.52e¢ — 01 4.92e —01 7.6le+ 06 2.44e + 07 3.47e+ 02 2.18e + 01
fis 9.71e — 08 1.97e — 07 1.20e — 01 3.30e — 01 1.15e — 03 2.81e — 03 5.73e +00 5.26e 4+ 00 1.28¢ —04 4.63e — 05 6.76e + 01 3.46e + 01 3.59e 4+ 02 8.45e + 01
fi9 1.07e — 29 3.64e —29 1.38¢ —26 6.87e —26 5.09¢ — 18 1.5le — 17 1.23e+4 00 9.26e — 01 2.00e —24 1.50e —24 1.95e + 02 5.0le 4+ 02 1.71le+ 03 5.84e + 03
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Average errors and standard deviations of the three GPALS-DE variants

and the base algorithms in the SOCO test suite, for d

Table B.2

= 100.

mension n

Problem GPALS-DEg 5 GPALS-DEg 2 GPALS-DEg g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

fi 1.55e — 13 3.86e — 14 2.96e — 13 6.14e — 14 1.21e — 13 2.99e — 14 1.12¢ — 16 4.28e — 17 7.77e — 17 1.13e — 17 4.67e+ 02 7.02e + 02 5.55e — 17 1.26e — 32
fo 1.32e + 01 7.03¢+00 1.95¢+ 01 3.63e+ 00 1.84e+ 01 8.97e+00 7.74e+ 01 7.77e¢+ 00 4.60e + 00 4.24e —01 9.96e + 01 1.16e+ 01 2.6le — 03 1.30e — 02
f3 1.06e + 02 2.51e+4 01 3.24e+01 3.93e+ 01 9.18e 401 1.91e+01 4.43e+ 02 3.63e+ 02 8.0le+ 01 1.03e 401 1.52e + 08 2.69e¢ 4 08 1.23e + 01 1.80e + 01
fa 2.46e — 13 5.37e — 14 2.53e — 01 6.6le — 01 3.16e — 13 1.20e — 13 1.0le + 02 2.25e 4+ 01 9.53e — 03 4.76e — 02 2.92e + 02 5.16e + 01 8.38¢ + 02 1.39e + 02
fs 8.30e — 14 2.7le — 14 1.48e — 13 4.42e — 14 6.25e — 14 2.17e — 14 2.93e — 02 5.32e — 02 2.55e — 17 5.19e — 18 5.95e 4+ 00 1.29¢ + 01 2.68e + 00 1.05e + 01
fe 2.39e — 13 8.99¢ — 14 1.10e — 10 5.43e — 10 5.07e — 13 1.1le — 12 1.55e+ 00 3.88e —01 3.10e — 13 1.62e — 14 4.79¢ 4+ 00 1.87e + 00 1.86e+ 01 2.45e + 00
fr 0.00e + 00 0.00e +00 5.92e — 14 2.86e — 13 1.34e — 15 6.72¢ — 15 1.39e — 14 7.12e — 15 3.80e — 17 5.29¢ — 17 8.67e — 02 3.70e — 01 6.35e + 01 2.36e + 01
fs 2.33e + 03 2.44e + 03 3.99¢ + 03 2.92e + 03 3.94e 4+ 03 3.51e+03 1.79¢ + 11 0.00e +00 1.79¢ + 11 0.00e +00 1.79¢+ 11 1.92e + 07 1.80e + 11 3.54e + 08
fo 9.76e — 09 4.88¢ — 08 4.3le — 04 2.15e — 03 1.67e — 05 7.42e —05 5.43e+ 02 1.36e 4+ 01 5.06e + 02 9.16e — 01 5.87e+ 02 1.0le + 01 6.08¢ 4 02 1.07e + 01
f1o0 1.60e — 27 8.00e — 27 2.36e —21 1.12e —20 2.19¢ — 30 1.09¢ —29 1.54e+ 01 3.3le+ 00 1.35e —28 3.86e —29 2.89¢ + 01 1.0le+ 01 1.93e+ 01 5.10e + 00
fia 2.05e — 08 1.02¢ — 07 1.60e — 06 3.14e — 06 2.84e — 05 1.07e — 04 4.3le +01 2.09¢+ 01 1.25e —04 1.43e — 05 2.80e+ 01 3.02e + 01 4.82e¢ + 02 4.27e + 01
fi2 6.3le — 11 3.03e — 10 1.52¢ —08 7.21le —08 6.74e — 09 2.0le — 08 7.2le+ 01 3.2le+ 01 6.44e — 11 1.52e — 11 8.72¢+ 02 2.55e+ 03 2.41le+ 02 1.23e+ 01
f13 6.54e +01 1.73e+01 7.91e+00 1.27e+01 7.35e+ 01 1.58e+ 01 2.76e+ 02 6.18e 4+ 01 6.13e +01 1.00e + 00 9.37e 4+ 07 4.02¢ + 08 2.59e 4+ 02 2.16e + 01
f1a 5.15e — 09 2.47e¢ — 08 1.59e —01 3.72¢e — 01 1.14e — 05 3.21e — 05 9.37e + 01 1.56e+ 01 4.48e — 02 2.24e — 01 2.25e+ 02 4.59¢ + 01 6.19e 4+ 02 9.25e + 01
fis 7.26e — 23 3.63e —22 2.98e — 15 1.16e —14 3.1le — 14 1.43e—13 3.67e+ 00 1.76e+ 00 7.10e —23 7.00e — 23 5.99e + 00 1.19e+ 01 5.57e+ 01 5.22e + 01
fie 4.48¢ — 12 9.43e — 12 4.60e — 07 2.26e — 06 6.60e — 08 2.06e — 07 1.10e 4+ 02 3.80e + 01 1.94e — 02 9.70e — 02 2.08e¢ + 02 1.49¢ 4 02 4.84e + 02 2.08e + 01
fi7 1.52e + 01 1.94e+01 1.28¢+ 01 1.45e¢+ 01 3.82e+01 3.40e +01 1.78¢ 402 5.49e¢+ 01 1.19¢+ 01 2.62e+ 00 4.36e + 07 7.09¢ 4 07 7.04e+ 02 3.92e + 01
fis 9.68e — 09 1.96e — 08 4.28¢ —04 1.43e — 03 1.24e —04 2.54e —04 1.04e+ 02 4.39e¢+401 2.92e —04 6.77¢e — 05 2.37e 402 7.02¢ +01 1.09e¢ 403 4.15e + 02
f19 1.40e — 30 6.96e — 30 8.44e —20 4.12e — 19 6.86e —24 2.54e —23 1.17e+ 01 2.61le +00 4.79¢ — 23 2.65e — 23 4.70e + 02 1.84e + 03 5.83e + 03 9.85e¢ + 03
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Average errors and standard deviations of the three GPALS-DE variants

and the base algorithms in the SOCO test suite, for d

Table B.3

= 200.

mension n

Problem GPALS-DEg 5 GPALS-DEg 2 GPALS-DEg g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

fi 3.87¢ — 13 1.10e — 13 6.00e — 13 1.98¢ — 13 3.18¢ — 13 8.84e — 14 6.39¢ — 16 5.32¢ — 16 1.78¢ — 16 1.60e — 17 9.6le+ 02 1.65e + 03 1.17e — 16 1.13e — 17
f 3.37e + 01 8.45e + 00 4.40e+ 01 6.26e + 00 4.42¢ +01 1.19¢+ 01 1.0le+02 5.90e 4+ 00 1.89¢ + 01 1.05e¢+ 00 1.17e+ 02 7.60e + 00 7.47e —02 2.44e — 01
f3 2.11e+02 3.13e+01 6.72¢e+01 7.09¢+ 01 1.93e+ 02 2.66e+ 01 6.38¢+ 02 3.80e+ 02 1.79¢ + 02 8.89e + 00 2.54e+ 08 3.97e + 08 1.24e 4 02 8.85e + 01
fa 5.66e — 13 1.76e — 13 7.74e — 01 8.91e — 01 6.82e — 13 1.93e — 13 4.21e+ 02 5.63e + 01 8.52¢ —02 3.98¢ — 01 6.32e+ 02 8.43e+ 01 1.57e+ 03 1.54e+ 02
fs 1.97e — 13 4.99e — 14 3.63e — 13 1.23e — 13 1.75e — 13 6.75e — 14 3.00e — 01 7.73e — 01 7.49e — 17 6.94e — 18 1.02e 401 1.59e 401 1.13e+ 00 2.84e + 00
fe 5.18e — 13 9.65e — 14 2.02e — 03 1.0le — 02 1.73e — 12 6.46e — 12 5.28¢+ 00 9.65e — 01 6.46e — 13 2.53e — 14 8.14e 400 2.26e + 00 1.93e 4+ 01 7.39e — 01
fr 0.00e + 00 0.00e +00 3.09¢ — 16 1.13e — 15 5.20e — 15 2.60e — 14 1.78¢ — 11 4.65e¢ — 11 2.25e — 16 1.92e — 16 3.95¢ — 01 1.21e+ 00 1.25e 4 02 1.92e + 01
fs 1.15e + 04 1.19¢ + 04 2.18¢+ 04 1.33e 4+ 04 3.36e+ 04 1.72e + 04 8.33e + 11 0.00e + 00 8.33¢ 4+ 11 0.00e + 00 8.33e + 11 3.09¢ 4 08 8.56e + 11 3.36e + 09
fo 2.04e — 08 7.48¢ — 08 9.41e — 05 2.69¢ — 04 2.79¢ — 05 1.30e —04 1.13e+03 1.87e+ 01 1.0le+ 03 1.30e 4+ 00 1.18¢+ 03 8.29¢ + 00 1.22e 403 1.79¢ + 01
f1o0 2.13e — 31 6.55e — 31 1.53e — 13 7.65e — 13 2.67e — 28 1.33e —27 5.52e¢ +01 1.02¢e4+01 2.77e¢ —28 5.3le —29 7.34e+ 01 6.25e + 01 3.76e + 01 2.78e + 01
fia 1.40e — 06 6.89¢ — 06 1.08e —05 1.84e — 05 2.2le — 05 8.45¢ — 05 3.95e+ 02 6.11e+01 2.55e — 04 3.20e — 05 4.03e + 02 8.45¢ + 01 1.08e + 03 8.25e + 01
f12 2.83e — 09 1.42e — 08 4.66e — 06 2.33e —05 3.22e — 08 1.52e — 07 2.84e+ 02 4.97e+01 9.97e — 10 2.0le — 10 8.11le+ 02 1.58e+ 03 5.87e+ 02 4.52e + 02
f13 1.41e+02 1.95e+ 01 4.51e+01 4.37e+ 01 1.46e+ 02 1.20e +01 7.52e+ 02 2.71le+ 02 1.40e+ 02 1.26e 4 01 2.06e + 08 3.51le + 08 5.92e + 02 1.08e + 02
f1a 1.53e — 09 6.89e —09 2.14e — 01 4.20e — 01 1.54e — 05 5.74e — 05 3.11le + 02 3.66e + 01 8.08e — 03 4.04e — 02 4.90e + 02 5.23e + 01 1.26e + 03 1.81e+ 02
fis 2.12e — 25 1.05e —24 9.41e —15 3.35e — 14 4.90e — 27 1.67e —26 1.17e+ 01 2.85e 4+ 00 3.7le —24 2.32e — 24 1.40e+ 01 9.80e+ 00 1.95e 4 02 1.66e + 02
f16 2.97¢ — 11 8.57e — 11 2.50e — 08 1.20e — 07 1.19¢ — 07 3.50e — 07 5.58¢ + 02 7.96e+ 01 7.85¢ —09 1.1le —09 6.77e + 02 6.04e + 02 9.56e 4+ 02 3.33¢ + 01
fi7 4.97e +01 3.50e 4+ 01 8.93¢+00 1.0le+ 01 5.68¢+ 01 2.39e+01 1.03e 403 1.1le+ 02 3.7le +01 8.30e —01 1.17e+ 07 1.70e 4+ 07 1.49¢ + 03 8.00e + 01
fis 1.21e — 08 3.69e — 08 8.93e — 02 2.75e — 01 2.20e — 04 4.28e — 04 7.53e+4 02 6.55e +01 5.10e — 04 9.97e — 05 7.67e + 02 2.14e 4 02 3.94e +03 3.91e + 03
f19 0.00e + 00 0.00e + 00 5.05e —26 2.49e —25 6.41le —24 3.12e —23 4.04e+01 7.71le+00 1.67e —22 7.58e —23 7.5le+ 02 1.76e + 03 2.53e + 04 2.45e + 04
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lants

ions of the three GPALS-DE var

lat

Average errors and standard dev
and the base algorithms in the SOCO test suite, for d

Table B.4

= 500.

mension n

Problem GPALS-DEy 5 GPALS-DEg 2 GPALS-DEg g DEpin DEexp CHC GCMAES

Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD
f1 1.04e — 12 2.66e — 13 1.86e — 12 4.97e — 13 9.75e — 13 2.34e — 13 3.88¢ — 05 7.93¢ — 05 5.17e — 16 1.36e — 17 9.25e+ 02 1.27¢+03 n/a n/a
f2 7.40e + 01 8.28¢+ 00 8.20e+01 9.53e+ 00 8.3le 4+ 01 1.04e+ 01 1.25e+02 5.37e+00 5.38¢+01 1.21e+ 00 1.35¢+02 5.52¢+00 n/a n/a
f3 4.99¢ + 02 2.34e +01 1.92e+402 2.17e + 02 4.88e +02 1.95¢ +01 3.44e+ 04 1.62e + 05 4.74e+02 1.48¢+00 6.93e+08 1.72¢+09 n/a n/a
fa 1.70e — 12 4.47e — 13 6.98¢ — 01 8.85e — 01 1.65e —12 3.37e — 13 2.35e+ 03 1.60e + 02 7.12e — 01 9.64e —01 2.1le+ 03 1.66e+02 n/a n/a
fs 5.35e — 13 8.47¢ — 14 1.0le — 12 8.62e¢ — 13 5.89e¢ — 13 2.40e — 13 3.1le — 01 5.07¢e — 01 2.38¢ — 16 1.18¢ — 17 1.45¢+ 01 2.52¢+01 n/a n/a
fe 1.24e — 12 1.93e —13 1.09e — 02 3.5le — 02 1.17e — 12 3.40e — 13 1.49e¢+ 01 8.38¢e — 01 1.64de —12 4.85e —14 1.27e+01 1.26e+00 n/a n/a
fr 0.00e + 00 0.00e + 00 6.3l1e —12 3.15e — 11 0.00e 4+ 00 0.00e + 00 2.74e — 03 6.49e¢ — 03 7.29¢ — 16 3.58¢ — 16 3.33¢ — 05 1.12¢ —04 n/a n/a
fs 1.07e + 05 7.42e + 04 2.38¢ + 05 1.36e 4+ 05 2.00e + 05 7.54e + 04 4.94e + 12 0.00e +00 4.94e 4+ 12 0.00e + 00 4.94e + 12 1.42¢+08 n/a n/a
fo 1.64e — 08 4.60e — 08 2.65e — 04 4.69¢ — 04 1.54e¢ —04 7.10e — 04 2.97e+ 03 3.17e +01 2.52e¢+ 03 2.10e +00 3.00e + 03 1.64e+01 n/a n/a
fio 1.42e — 31 4.91le—31 4.77e — 17 2.38¢— 16 4.0le —30 1.99¢ —29 1.36e + 02 2.08¢ 401 9.79¢ — 28 1.43e —28 1.64e+ 02 5.62¢+01 n/a n/a
f11 0.00e + 00 0.00e + 00 3.04e —03 1.26e —02 9.77e — 07 3.47e — 06 2.34e + 03 9.22e 4+ 01 6.78¢ — 04 3.60e — 05 1.67e+ 03 1.44e+02 n/a n/a
fi2 9.80e — 12 4.33e — 11 1.76e — 06 8.8le —06 4.32e — 07 1.83e —06 1.02e + 03 6.68e + 01 6.80e —09 8.58¢ — 10 1.62¢e+03 1.83e+03 n/a n/a
fi3 3.79¢ +02 3.79¢ + 01 8.69¢ + 01 1.00e + 02 3.75¢ + 02 2.0le + 01 2.49¢ + 03 3.13e +02 3.60e + 02 9.23e + 00 3.41e + 08 4.29¢+ 08 n/a n/a
fia 9.10e — 11 1.83e —10 8.93e —01 1.11e+00 1.29¢ —04 3.5le —04 1.67e+ 03 1.51le+ 02 3.93e —01 1.05e+ 00 1.59e+ 03 1.57e+02 n/a n/a
fs 0.00e + 00 0.00e + 00 5.53e — 16 2.58¢ — 15 3.82e —25 1.89¢ —24 4.44e+ 01 5.59¢ 400 2.93e —18 7.16e — 18 3.50e + 01 1.20e+01 n/a n/a
fie 1.46e — 09 6.41e — 09 6.06e — 07 2.67e — 06 2.17¢ — 07 7.8le — 07 2.02e + 03 8.60e +01 2.05¢ — 08 1.64¢ —09 1.92e 4+ 03 1.44e+03 n/a n/a
fi7 1.37e +02 2.99e + 01 3.81e4+00 4.97e+00 1.24e+ 02 1.3le+01 3.83e 403 1.4le+ 02 1.12e+02 1.02e 400 6.64e+ 08 1.64e+09 n/a n/a
fis 4.89¢ — 09 1.71e — 08 2.92¢ — 01 6.07e — 01 7.8le — 04 2.27e —03 3.37e + 03 4.34e+ 02 1.25e —03 1.87e — 04 2.74e+ 03 3.59¢e+02 n/a n/a
f1o 1.04e — 12 2.66e — 13 4.86e — 08 2.43e¢ — 07 9.47e¢ — 22 4.74e — 21 1.29¢ + 02 2.34e + 01 3.35e — 21 2.15e — 21 2.05e + 03 4.03¢+03 n/a n/a
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—
L f1 fo f3 fa f5 fe fr fs fo
wn GPALS-DEg 5
m 50 0.00e + 00 2.35e + 00 4.54e 4 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 3.06e + 02 1.94e¢ — 07
..Lm 100 0.00e + 00 1.32e + 01 1.06e + 02 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 2.33e + 03 0.00e + 00
g 200 0.00e + 00 3.37e + 01 2.11e + 02 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.15e 4+ 04 2.04e — 08
o] 500 0.00e + 00 7.40e + 01 4.99¢ 4 02 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.07e + 05 1.64e — 08
nlwhv GPATLS-PS00 5
50 0.00e + 00 1.66e + 01 1.02e + 02 2.17e + 02 1.87¢ — 03 5.52e — 01 0.00e + 00 1.87¢ + 02 1.86e + 02
mu. 100 1.51e — 05 3.82e + 01 2.80e + 02 5.79¢ + 02 4.90e — 03 2.77e + 00 0.00e + 00 4.22e 4+ 03 5.41e + 02
..hl 200 0.00e + 00 5.81e + 01 5.59e + 02 1.40e + 03 3.63e — 02 1.31e + 01 7.57e — 07 3.41e + 04 1.21e + 03
o 500 9.91e + 00 8.40e + 01 1.57e + 07 4.16e 4 03 4.44e — 01 1.94e + 01 1.50e — 03 2.86e + 05 3.36e + 03
- SOUPDE
[« 50 0.00e + 00 1.18e + 00 3.10e + 01 3.98¢ — 02 0.00e + 00 1.47¢ — 14 2.28¢ — 14 9.69¢ — 02 3.75e¢ — 06
«© 100 0.00e + 00 7.47e + 00 7.92¢ + 01 3.98¢ — 02 0.00e + 00 3.03e — 14 3.88¢ — 14 6.55e¢ + 01 7.82e — 06
o 200 0.00e + 00 2.38¢e + 01 1.80e + 02 1.19¢ — 01 0.00e + 00 6.40e — 14 7.46e — 14 2.46e + 03 1.51e — 05
% 500 0.00e + 00 6.50e + 01 4.71e 4+ 02 7.96e — 02 0.00e + 00 1.67¢ — 13 1.78¢ — 13 4.36e + 04 3.59¢ — 05
1 DE-D* + M™
n.\Lu 50 3.33e — 18 1.67¢ — 01 1.34e + 01 1.99¢ — 01 0.00e + 00 4.55e¢ — 14 0.00e + 00 6.11e — 01 0.00e + 00
A 100 2.78e — 17 2.24e + 00 7.61le + 01 1.99¢ — 01 1.39¢ — 17 1.0le — 13 5.33¢ — 17 4.75e + 05 4.29e¢ — 04
[aW 200 6.66e — 17 9.58e + 00 1.69¢ + 02 2.39¢ — 01 2.78e — 17 2.51le — 13 0.00e + 00 2.19e + 08 0.00e + 00
@) 500 2.23e — 16 3.72e + 01 4.54e + 02 9.15e¢ — 01 1.03e — 16 7.14e — 13 0.00e + 00 1.41e + 10 6.78¢ — 09
Ea GaDE
=) 50 0.00e + 00 1.46e + 01 1.18e¢ + 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.08¢ — 08 6.24e — 07
1 100 0.00e + 00 3.88¢ + 01 5.89¢ + 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.23e — 03 3.87e — 07
m 200 0.00e + 00 5.76e + 01 1.61e + 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 3.02e + 00 4.53e — 09
A 500 0.00e + 00 7.42e + 01 4.40e + 02 0.00e + 00 0.00e + 00 1.46e — 14 0.00e + 00 1.33e + 03 0.00e + 00
[al jDElscop
&) 50 0.00e + 00 3.15e — 02 2.28e + 01 0.00e + 00 0.00e + 00 9.55e — 14 0.00e + 00 9.97¢ — 03 0.00e + 00
Q 100 0.00e + 00 1.21e 4+ 00 6.13e + 01 0.00e + 00 0.00e + 00 2.00e — 13 0.00e + 00 5.57e + 00 7.18¢ — 09
..hl. ..:.N 200 0.00e + 00 7.54e + 00 1.40e + 02 0.00e + 00 0.00e + 00 4.52e — 13 0.00e + 00 2.52e + 02 4.30e — 08
o 500 0.00e + 00 3.06e + 01 4.06e + 02 1.59¢ — 01 0.00e + 00 1.18¢ — 12 0.00e + 00 5.66e + 03 6.10e — 08
c | SaDE-MMTS
m fﬂ 50 0.00e + 00 0.00e 4 00 0.00e 4 00 0.00e 4 00 0.00e + 00 0.00e + 00 0.00e + 00 4.13e — 09 1.35¢ — 01
m wn 100 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 3.05e — 04 3.18¢ — 01
&~ m 200 0.00e + 00 1.34e + 00 0.00e + 00 8.08¢ — 02 0.00e + 00 0.00e + 00 0.00e + 00 2.67¢ 4+ 01 1.24e + 00
M L.C 500 0.00e + 00 1.25e¢ + 01 0.00e + 00 3.85¢e + 00 0.00e + 00 0.00e + 00 0.00e + 00 3.0le + 02 2.81e + 01
Q MOS
mo m 50 0.00e + 00 4.64e — 13 9.61e + 00 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.54e — 08 0.00e + 00
[3) Qy 100 0.00e + 00 2.94e — 12 2.03e + 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 9.17¢ — 02 0.00e + 00
AM ,.& 200 0.00e + 00 1.24e — 11 4.0le 4+ 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.16e 4 02 0.00e + 00
m 500 0.00e + 00 5.51le — 04 4.57e 4+ 01 0.00e + 00 0.00e + 00 0.00e + 00 0.00e + 00 1.28e + 04 0.00e + 00
Yo o MA-SSW-Chains
nD. D) 50 1.67e — 17 7.61le — 02 4.79¢ + 01 1.19¢ — 01 0.00e + 00 4.89¢ — 14 9.33e — 17 3.06e — 01 2.94e + 02
o 100 2.78e — 17 7.0le + 00 1.38e + 02 1.19¢ — 01 1.39¢ — 17 6.03e — 14 8.17¢e — 16 3.48¢e + 01 5.63e + 02
b n 200 5.33e — 17 3.36e + 01 2.50e + 02 4.43e + 00 2.72e — 17 1.19¢ — 13 6.96e — 15 7.23e + 02 1.17e + 03
M Muc 500 1.0le — 16 7.86e + 01 6.07¢ + 02 1.78e + 02 7.70e — 17 2.63e — 13 4.69¢ — 14 1.32e + 04 2.53e + 03
]
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Average errors of the GPALS-DE, GPALS-PSO and other algorithms for

the SOCO test problems fio — fig.

Table B.6

f10 fi1 fi2 f13 f14 f15 f16 fi7 fis f19
GPALS-DEg 5
50 0.00e + 00 1.10e — 06 0.00e + 00 3.32e + 01 0.00e + 00 0.00e + 00 0.00e + 00 1.83e 4+ 00 9.71e — 08 0.00e + 00
100 0.00e + 00 2.05e — 08 0.00e + 00 6.54e 4+ 01 0.00e + 00 0.00e + 00 0.00e + 00 1.52e 4+ 01 0.00e + 00 0.00e + 00
200 0.00e + 00 1.40e — 06 0.00e + 00 1.41e + 02 0.00e + 00 0.00e + 00 0.00e + 00 4.97e + 01 1.21e — 08 0.00e + 00
500 0.00e + 00 0.00e + 00 0.00e + 00 3.79¢ + 02 0.00e + 00 0.00e + 00 0.00e + 00 1.37e + 02 0.00e + 00 0.00e + 00
GPALS-PSOg 5
50 2.79¢e + 00 1.79e + 02 8.88¢e + 00 1.33e 4+ 02 1.41e + 02 1.34e — 01 8.37e + 01 2.77e + 02 7.14e + 01 7.75e¢ — 01
100 2.30e + 01 5.14e + 02 9.92e + 01 2.99e + 02 4.26e 4 02 1.18e 4 00 3.04e 4+ 02 6.42e 4+ 02 1.85e 4 02 9.66e + 00
200 6.05e + 01 1.25e¢ + 03 2.94e + 02 6.63¢e + 02 1.08e + 03 7.01le + 00 6.40e + 02 1.30e + 03 4.80e + 02 4.22e + 01
500 1.38¢ 4+ 02 3.38¢ + 03 7.72e + 02 2.50e + 06 3.12e 4+ 03 2.11e + 01 1.61e + 03 3.28¢ 4+ 03 1.37e + 03 9.51e + 01
SOUPDE
50 0.00e + 00 3.09¢e — 06 0.00e + 00 2.06e + 01 0.00e + 00 1.38¢ — 14 0.00e + 00 2.53e — 01 0.00e + 00 0.00e + 00
100 0.00e + 00 6.75e — 06 0.00e 4 00 5.85e¢ + 01 9.09¢ — 15 2.79¢ — 14 0.00e + 00 8.55e 4+ 00 0.00e + 00 0.00e + 00
200 0.00e + 00 1.43e — 05 0.00e + 00 1.35¢ + 02 3.98¢ — 02 5.79¢ — 14 0.00e + 00 3.31e + 01 0.00e + 00 1.91e — 14
500 0.00e + 00 4.66e — 04 0.00e + 00 3.58¢e + 02 1.31le — 12 1.39¢ — 13 0.00e + 00 1.09¢e + 02 2.82e — 13 4.95e¢ — 14
DE-D* + M™
50 1.89¢ — 31 6.06e — 04 1.58e¢ — 21 1.39¢ + 01 1.19¢ — 01 0.00e + 00 1.76e — 16 4.31e — 02 3.98¢e — 02 0.00e + 00
100 0.00e + 00 0.00e + 00 4.62e — 17 5.33¢ + 01 1.19¢ — 01 0.00e 4 00 8.99¢ — 15 3.22e 4+ 00 8.11e — 10 0.00e + 00
200 3.51le + 01 0.00e + 00 5.45e — 15 1.23e + 02 3.98¢ — 02 0.00e + 00 2.26e — 13 2.72e + 01 3.98¢e — 02 9.47e¢ — 32
500 2.43e — 31 0.00e + 00 5.05e — 13 3.48¢e + 02 2.39¢ — 01 0.00e + 00 4.17e — 12 1.02e + 02 9.97e — 08 0.00e + 00
GaDE
50 0.00e + 00 1.31e — 06 0.00e + 00 1.19¢ + 01 9.78e — 13 0.00e + 00 4.78¢ — 12 4.97¢ — 01 4.82e — 08 0.00e + 00
100 0.00e + 00 4.34e — 07 0.00e + 00 4.99¢ + 01 7.90e — 13 0.00e + 00 2.45e — 12 3.28e + 00 1.96e — 08 0.00e + 00
200 4.20e — 02 1.85e — 07 4.92e¢ — 14 1.24e + 02 2.87e — 12 0.00e + 00 1.58¢ — 12 2.45e + 01 2.53e — 08 0.00e + 00
500 3.78e — 01 0.00e + 00 1.07e — 12 3.34e + 02 2.79e — 11 0.00e + 00 1.67¢ — 12 9.26e + 01 5.59e¢ — 08 4.20e — 02
jDElscop
50 0.00e + 00 0.00e + 00 0.00e + 00 1.36e 4+ 01 0.00e + 00 0.00e + 00 0.00e + 00 7.43e — 03 2.41e — 14 0.00e + 00
100 0.00e + 00 8.17e — 09 0.00e + 00 5.11e + 01 0.00e + 00 0.00e + 00 0.00e + 00 3.21e — 01 6.33e — 14 0.00e + 00
200 0.00e + 00 9.58e — 09 0.00e + 00 1.10e + 02 4.11e — 16 0.00e + 00 0.00e + 00 2.39e + 01 2.04e — 13 0.00e + 00
500 0.00e + 00 4.40e — 08 0.00e + 00 3.14e + 02 8.00e — 02 0.00e + 00 0.00e + 00 7.65e + 01 1.11le — 12 0.00e + 00
SaDE-MMTS
50 0.00e + 00 5.19e¢ — 05 0.00e 4 00 4.23e 4+ 00 3.93e — 08 0.00e + 00 0.00e 4 00 4.78¢ — 01 9.38¢ — 03 0.00e + 00
100 0.00e + 00 2.00e — 04 0.00e + 00 3.30e + 01 1.02¢e — 02 0.00e + 00 0.00e + 00 1.17e + 01 4.70e — 02 0.00e + 00
200 0.00e + 00 2.39e¢ — 04 0.00e + 00 8.89¢ + 01 1.57e¢ — 02 0.00e + 00 0.00e + 00 3.50e + 01 3.35e — 01 0.00e + 00
500 0.00e + 00 2.53e + 01 0.00e + 00 3.27e + 02 4.01e — 01 0.00e + 00 0.00e + 00 9.80e + 01 1.18e 4+ 00 0.00e + 00
MOS
50 0.00e + 00 0.00e + 00 0.00e + 00 4.55e¢ — 01 0.00e + 00 0.00e + 00 0.00e + 00 1.40e 4+ 01 0.00e + 00 0.00e + 00
100 0.00e + 00 0.00e + 00 0.00e + 00 1.75e¢ + 01 1.68¢ — 11 0.00e + 00 0.00e + 00 1.43e 4+ 01 0.00e + 00 0.00e + 00
200 0.00e + 00 0.00e + 00 0.00e + 00 9.03e + 00 0.00e + 00 0.00e + 00 0.00e + 00 5.03e + 00 0.00e + 00 0.00e + 00
500 0.00e + 00 0.00e + 00 0.00e + 00 3.78¢ + 01 0.00e + 00 0.00e + 00 0.00e + 00 1.21e 4+ 01 0.00e + 00 0.00e + 00
MA-SSW-Chains
50 1.67e — 30 4.49¢ — 03 6.27e¢ — 41 3.02¢ + 01 1.37¢ — 17 3.91e — 16 4.06e — 03 2.60e + 01 3.88¢ — 19 4.02e — 31
100 1.05e — 29 1.09¢ — 01 3.28¢ — 03 8.35e + 01 2.21le — 16 1.59¢ — 15 1.61le — 02 9.92e + 01 2.7le — 18 3.15e — 30
200 5.41e — 29 3.50e — 01 1.75e¢ — 02 1.68e + 02 9.76e — 01 5.32e — 15 6.02e¢ — 02 7.55e + 01 4.29e¢ — 04 1.51e — 16
500 2.80e — 01 4.21e 4 01 2.55e + 01 4.00e 4 02 5.65¢ + 01 5.53e + 00 1.08e — 01 1.38¢ + 02 2.41e — 03 7.84e — 17
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Average error of the SHADE and L-SHADE variants for the SOCO test

problems f; — fo.

Table B.7

fi f2 I3 fa f5 fe f7 /8 fo
SHADEgo
50 0.00e + 00 1.22e 4+ 01 7.81e + 02 3.98¢ — 02 4.13e — 03 2.46e — 01 0.00e 4 00 0.00e + 00 9.00e — 01
100 0.00e + 00 5.86e + 01 8.27e¢ + 02 0.00e + 00 1.70e — 02 2.49¢ + 00 0.00e + 00 9.06e — 05 2.81le + 01
200 0.00e + 00 8.33e 4+ 01 1.07e + 03 1.43e + 00 5.44e — 02 5.51e + 00 0.00e + 00 2.41e + 00 4.68e 4+ 01
500 2.0le — 09 1.05e + 02 1.79¢ + 03 1.06e + 02 4.90e — 01 1.37e + 01 6.05e — 05 2.38¢ + 03 3.73e + 01
SHADE00
50 0.00e + 00 2.24e — 01 7.81e + 02 0.00e + 00 6.90e — 04 0.00e + 00 0.00e + 00 4.22e — 09 9.85e¢ — 02
100 0.00e + 00 4.41e+ 01 8.36e + 02 0.00e + 00 3.83e — 03 1.45e + 00 0.00e + 00 5.40e — 04 1.42e 4+ 01
200 0.00e + 00 7.13e 4+ 01 1.07e + 03 3.98¢ — 02 2.47e — 02 3.43e 4+ 00 0.00e + 00 1.85e + 00 1.43e + 02
500 0.00e + 00 9.55e + 01 1.79¢ + 03 1.48¢e + 01 2.56e — 01 1.09e + 01 1.10e — 05 1.66e + 03 2.56e + 02
Bmm>Ummo
50 0.00e + 00 2.15e 4 01 7.98¢e + 02 0.00e 4 00 0.00e + 00 0.00e + 00 0.00e + 00 9.02¢ — 07 4.30e — 03
100 0.00e + 00 6.82e + 01 8.48e + 02 0.00e 4 00 0.00e 4 00 0.00e + 00 0.00e 4 00 6.56e — 03 1.10e — 02
200 0.00e + 00 9.51e 4 01 9.90e + 02 0.00e 4 00 6.90e — 04 0.00e + 00 0.00e + 00 1.06e + 01 3.08¢ — 02
500 4.93e — 06 1.17e + 02 1.97e + 03 5.66e — 09 1.09¢ — 01 9.75e — 01 1.26e — 03 3.81e 4+ 03 7.49¢ — 02
Bmm>UmHoo
50 0.00e + 00 5.60e + 00 8.13e + 02 0.00e 4 00 0.00e 4 00 2.63e — 06 5.75e — 07 6.45¢ — 03 6.98¢ — 01
100 0.00e + 00 4.37e 4+ 01 8.57e + 02 0.00e 4 00 0.00e 4 00 3.23e — 06 1.55e — 06 1.90e — 01 1.70e + 00
200 0.00e + 00 8.06e + 01 9.71le + 02 0.00e + 00 0.00e + 00 3.05e — 06 3.55e — 06 3.04e + 01 4.07e + 00
500 0.00e + 00 1.07e + 02 1.76e + 03 0.00e + 00 5.39¢ — 03 5.93e — 07 3.22e — 04 3.64e + 03 1.22e + 01
L-SHADE
50 0.00e + 00 5.32e — 07 8.03e + 02 1.03e — 01 0.00e + 00 0.00e + 00 0.00e + 00 5.41e — 10 1.39¢ — 01
100 0.00e + 00 2.40e — 03 8.62e + 02 2.81e + 01 2.96e — 04 0.00e + 00 0.00e + 00 5.43e — 02 4.09e + 00
200 0.00e + 00 3.64e — 01 9.71le + 02 2.26e + 02 1.09e — 03 0.00e + 00 1.59e — 06 9.52e 4+ 01 5.55e + 01
500 - - - - - - - - -
mL-SHADE
50 6.45e¢ — 05 5.91e + 00 8.27e + 02 1.75e — 02 6.43e — 05 2.34e — 03 1.41e — 03 4.59e + 00 4.16e + 00
100 3.89¢ — 01 2.55e + 01 1.17e + 03 1.52e + 01 2.36e — 01 1.87e — 01 3.43e — 01 1.01e + 03 6.02¢ + 01
200 1.20e + 02 5.24e + 01 7.93e + 04 2.91e + 02 1.83e 4+ 00 1.87e + 00 9.68e 4 00 1.47e + 04 4.04e + 02
500 - - - - - - - - -
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Average errors of the SHADE and L-SHADE variants for the SOCO test

problems f10 — flg.

Table B.8

f1o0 f11 f12 f13 f1a f1s f16 fir fis fi9
SHADEgo
50 3.47e¢ + 00 4.52e — 01 4.05e 4+ 00 4.20e 4 01 0.00e + 00 1.00e — 01 7.18¢ — 01 4.49e 4 00 5.79¢ — 09 1.45e + 00
100 3.10e + 01 1.87¢ + 01 7.1le + 01 1.72e + 02 0.00e + 00 2.88e + 00 5.65e + 01 1.52e + 02 2.11e — 06 1.88e 4 01
200 8.45¢ + 01 4.46e 4 01 2.85¢ + 02 6.35e 4+ 02 5.33e — 01 1.26e 4+ 01 5.49¢ + 02 1.05e + 03 4.61e — 02 5.88¢e + 01
500 2.26e + 02 4.51e 4+ 01 1.00e + 03 2.65e + 03 4.84e + 01 5.68e + 01 1.84e + 03 3.50e + 03 8.13e + 00 1.76e 4+ 02
SHADE g9
50 2.81e — 01 5.99¢ — 02 0.00e 4 00 1.31e + 01 2.93e — 06 0.00e 4 00 8.58¢ — 04 1.19¢e + 00 2.61le — 01 0.00e + 00
100 2.45e + 01 1.62e 4+ 01 3.37e + 01 1.16e + 02 0.00e + 00 8.81le — 01 3.38¢ + 01 5.35e + 01 1.07e 4+ 00 1.05e¢ 4+ 01
200 8.14e + 01 1.24e 4+ 02 2.28¢e + 02 4.83e + 02 4.29¢ — 04 1.05e 4+ 01 3.89¢ + 02 8.32e + 02 5.43e 4+ 00 5.75e¢ + 01
500 2.47e + 02 2.54e + 02 7.90e + 02 1.96e + 03 8.24e + 00 5.10e + 01 1.61e 4+ 03 3.03e + 03 3.36e + 01 1.91e 4+ 02
Bmm>cmmo
50 0.00e + 00 4.56e — 03 0.00e + 00 1.41e 4+ 01 0.00e + 00 0.00e + 00 3.09¢ — 06 4.82e — 01 9.20e — 05 0.00e + 00
100 0.00e + 00 1.26e — 02 0.00e + 00 6.59¢ + 01 0.00e + 00 0.00e + 00 5.93e — 06 7.60e + 00 1.96e — 04 0.00e + 00
200 0.00e + 00 2.96e — 02 6.16e — 01 1.98¢e + 02 4.79¢ — 09 1.41e 4+ 00 4.50e — 06 8.98¢e + 01 4.66e — 04 3.36e + 00
500 3.27¢ + 01 7.59¢ — 02 3.07e + 02 1.69e + 03 8.51e — 03 3.02e + 01 9.76e 4+ 01 7.09¢ + 02 1.19¢ — 02 9.95e + 01
Bmmxrcmwoo
50 0.00e + 00 7.06e — 01 8.99¢ — 03 3.10e + 01 8.83e — 03 2.98e — 07 6.48¢e — 02 9.18e + 00 1.19¢ — 01 1.82¢ — 09
100 0.00e + 00 1.70e + 00 2.75e — 02 6.31e + 01 2.17e — 02 8.88¢ — 07 1.35e — 01 2.92e + 01 2.59e — 01 3.15e — 08
200 0.00e + 00 4.12e 4 00 7.41e — 02 1.73e 4+ 02 4.20e — 02 2.12e — 06 2.83e¢ — 01 6.58¢e + 01 5.48e — 01 2.10e — 01
500 7.99¢ + 00 1.23e + 01 2.04e + 01 1.07e + 03 5.78e — 02 2.08e + 01 3.31e 4+ 00 3.81e 4 02 1.41e + 00 1.91e + 01
L-SHADE
50 1.65e¢ — 02 1.20e — 01 4.29¢ — 04 5.61le + 01 2.68¢e + 00 0.00e + 00 2.54e — 01 1.04e + 01 4.49e + 00 0.00e + 00
100 8.21e — 01 7.03e + 00 2.34e + 01 1.52e + 02 3.49e 4 01 7.46e — 09 1.41e + 01 4.80e + 01 3.97¢ + 01 2.92e — 01
200 1.47e¢ + 01 5.74e + 01 2.05e + 02 3.32e + 02 2.0le + 02 8.27¢ — 02 1.84e 4+ 02 4.66e + 02 1.36e + 02 4.74e + 00
500 - - - - - - - - -
mL-SHADE
50 2.17e — 04 4.30e + 00 2.18e — 01 3.61le + 01 3.27¢ — 01 1.54e — 03 9.16e — 01 1.46e + 01 9.88¢ — 01 3.40e — 04
100 1.27e 4+ 00 5.86e + 01 8.04e + 00 9.37e 4+ 01 1.83e + 01 6.79¢ — 01 2.61le + 01 8.54e + 01 1.74e 4+ 01 1.03e 4 00
200 3.17e + 01 3.98e + 02 8.83e + 01 6.68e + 03 2.34e + 02 1.45e + 01 2.06e + 02 3.17e + 02 1.40e 4 02 2.80e + 01
500 - - - - - - - - -
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Average errors and standard deviations of the GPALS-PSO and the base

Table B.9

= 50.

mension n

algorithms in the SOCO test suite, for d

Problem GPALS-PSOg 5 GPALS-PSOg.2 GPALS-PSOg.g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

F1 1.03e — 12 2.46e — 12 7.11e — 07 3.56e — 06 3.66e + 03 7.48e¢ + 03 3.00e — 17 7.69¢ — 18 2.78¢ — 17 6.29¢ — 33 2.90e + 02 5.69¢ 4+ 02 2.78e¢ — 17 6.29¢ — 33
fo 1.66e + 01 1.45¢+01 4.93e+ 01 2.38¢+ 01 1.53e+01 9.07e +00 3.87¢ 401 8.90e+ 00 3.3le —01 5.90e —02 7.72¢ +01 1.23e 401 7.69¢ —11 4.83e — 11
f3 1.02e + 02 8.10e + 01 1.89e+ 02 1.3le+ 02 8.64e + 07 3.10e 4+ 08 6.99¢ + 01 3.58¢ + 01 3.10e + 01 8.65e + 00 5.64e 4 07 1.42e+ 08 6.38¢ — 01 1.49¢e + 00
fa 2.17e +02 5.77e4+01 3.77e+ 02 3.87e+ 01 1.53e+ 02 1.05e+ 02 3.2le+ 01 1.38e + 01 4.79¢ — 02 2.0le — 01 1.12e +02 2.74e+ 01 3.72e 4+ 02 8.68e + 01
fs 1.87e — 03 4.04e — 03 1.00e + 00 4.72e 400 1.19¢ + 01 3.34e 401 9.86e — 04 2.76e — 03 0.00e + 00 0.00e + 00 9.02e — 01 1.82e+ 00 2.16e — 01 5.64e — 01
fe 5.52e — 01 8.22¢ — 01 1.63e+ 01 5.09e +00 2.60e + 00 3.58e+ 00 7.16e — 14 1.86e —14 1.39e — 13 9.43e — 15 3.23e 4+ 00 2.44e+ 00 1.90e + 01 1.02e + 00
fr 3.24e — 16 9.56e — 16 2.36e — 05 8.04e — 05 1.80e 4+ 01 3.69¢ + 01 2.22¢ — 15 1.17e — 15 8.88¢ — 17 1.96e — 16 1.23e — 09 1.45e — 09 2.10e 4+ 01 1.38¢ + 01
fs 1.87e + 02 1.23¢ + 02 4.86e + 02 5.07e + 02 5.3le + 03 5.85¢ + 03 9.02¢ + 10 0.00e + 00 9.02e + 10 0.00e + 00 9.02¢ + 10 9.02e¢ + 06 9.03e + 10 9.39e + 07
fo 1.86e + 02 2.89¢ + 01 2.63e + 02 2.19¢+ 01 1.66e+ 02 5.45e + 01 2.85e¢+ 02 5.30e +00 2.73e + 02 7.40e —01 3.1le +02 4.98¢ 4 00 3.16e+ 02 7.03e + 00
f1o0 2.79¢ + 00 2.64e + 00 1.43¢+01 5.73e+ 00 3.36e — 01 7.25e —01 1.53e + 00 1.29¢ 4+ 00 6.50e —29 3.60e —29 7.72e+ 00 2.93e + 00 9.25¢ 4 00 2.82e + 00
fi1 1.79e¢ 4+ 02 3.5le +01 2.51e+ 02 3.06e 401 1.84e+ 02 6.24e + 01 9.65e — 01 2.02¢ 4+ 00 6.26e — 05 1.30e —05 1.0le —02 1.26e — 02 1.95e + 02 3.65e + 01
f12 8.88¢ + 00 1.84e+ 01 6.33e+01 1.85e+ 01 1.51e+ 03 2.93e+ 03 5.82¢+00 1.03e 4+ 01 5.26e —13 1.64e — 13 8.23e+ 01 1.53e+ 02 1.14e+ 02 1.0le+ 01
fi3 1.33e + 02 4.07e +01 1.60e+ 02 4.84e+ 01 2.03e + 07 7.39e + 07 5.97e + 01 2.22e+ 01 2.48¢ + 01 1.3le+ 00 1.43e+ 07 3.29¢+ 07 1.16e+ 02 1.43e + 01
f1a 1.41e+ 02 3.36e +01 2.44e+ 02 4.0le+01 1.11le+02 597e+ 01 3.35e+ 01 1.86e+ 01 3.55e — 08 2.26e — 08 6.76e + 01 1.30e +01 2.7le+ 02 7.30e 4+ 01
fis 1.34e — 01 3.62e — 01 4.85¢+ 00 3.04e 4+ 00 9.06e + 00 2.85¢ + 01 2.29¢ — 01 6.07¢ — 01 1.99e — 24 3.22e —24 3.07e +00 5.32e + 00 3.94e + 01 1.25e + 02
f16 8.37e + 01 4.15e+ 01 1.47e+ 02 2.65e + 01 1.76e 4+ 03 2.70e + 03 5.64e +00 8.47e 4+ 00 1.56e —09 2.81e — 10 5.60e + 01 5.16e + 01 2.23e 4+ 02 1.50e + 01
fi7 2.77e + 02 3.74e +01 4.16e+ 02 1.86e+ 02 1.46e+ 04 5.05¢+ 04 1.51e +01 1.43e 401 8.52¢ —01 4.92e — 01 7.6le+ 06 2.44e+ 07 3.47e+ 02 2.18¢ + 01
f1s 7.14e +01 8.98¢+00 9.17e + 01 1.05e+ 01 6.91e +01 2.34e+ 01 5.73e +00 5.26e+ 00 1.28¢ — 04 4.63e — 05 6.76e + 01 3.46e + 01 3.59e¢ 4+ 02 8.45e + 01
f19 7.75e — 01 1.28¢+00 1.11e+401 4.43e+00 4.95e+ 01 1.57e+02 1.23e+ 00 9.26e —01 2.00e —24 1.50e —24 1.95e 402 5.0le +02 1.71le+ 03 5.84e + 03
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Average errors and standard deviations of the GPALS-PSO and the base

algorithms in the SOCO test suite, for d

Table B.10

= 100.

mension n

Problem GPALS-PSOg 5 GPALS-PSOg.2 GPALS-PSOg.g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

fi 1.51le — 05 7.57e — 05 2.99¢ — 05 1.49e¢ — 04 7.26e+ 03 1.4le+04 1.12¢e — 16 4.28¢ —17 7.77e — 17 1.13e — 17 4.67e +02 7.02e + 02 5.55e — 17 1.26e — 32
fo 3.82e+ 01 2.12e +01 8.39¢+ 01 2.66e+ 01 4.12e +01 1.39e+ 01 7.74e+01 7.77e+ 00 4.60e + 00 4.24e — 01 9.96e+ 01 1.16e + 01 2.6le — 03 1.30e — 02
f3 2.80e + 02 1.38e+02 7.66e+ 02 1.32e+ 03 4.17e + 08 1.79¢+ 09 4.43e +02 3.63e+ 02 8.0le+01 1.03e+ 01 1.52e+ 08 2.69e¢ + 08 1.23e + 01 1.80e + 01
fa 5.79e + 02 8.88¢ 4+ 01 8.14e+ 02 9.58e¢ + 01 3.7le +02 1.82e 402 1.0le + 02 2.25e+ 01 9.53e — 03 4.76e — 02 2.92e + 02 5.16e + 01 8.38¢ 4+ 02 1.39e + 02
fs 4.90e — 03 1.28¢ —02 8.04e 400 3.77e + 01 3.64e +01 6.97e +01 2.93e — 02 5.32e — 02 2.55e — 17 5.19¢e — 18 5.95e + 00 1.29e + 01 2.68e + 00 1.05e + 01
fe 2.77e +00 2.37e+00 1.88e+ 01 5.02e —01 5.20e+ 00 5.23e 4+ 00 1.55¢+ 00 3.88e —01 3.10e — 13 1.62e — 14 4.79e 4+ 00 1.87e + 00 1.86e+ 01 2.45e + 00
fr 2.50e — 13 8.83¢ — 13 1.06e + 02 1.20e + 02 5.15e + 01 7.42e+01 1.39e — 14 7.12e — 15 3.80e — 17 5.29¢ — 17 8.67e — 02 3.70e — 01 6.35e + 01 2.36e + 01
fs 4.22e +03 1.87e 4+ 03 4.68¢ + 03 2.94e + 03 2.75¢ + 04 1.85e¢+ 04 1.79¢ 4+ 11 0.00e + 00 1.79¢ + 11 0.00e +00 1.79e¢ + 11 1.92e 4+ 07 1.80e + 11 3.54e + 08
fo 54le+ 02 4.43e+01 5.89¢+ 02 4.30e+ 01 5.08¢+ 02 8.02¢ + 01 5.43e+ 02 1.36e+ 01 5.06e + 02 9.16e — 01 5.87e+02 1.0le + 01 6.08¢ 4 02 1.07e + 01
f1o0 2.30e +01 7.14e+00 1.79¢+ 01 1.29¢+ 01 1.78e 4 02 8.12e + 02 1.54e +01 3.3le+00 1.35e —28 3.86e —29 2.89¢+ 01 1.0le+01 1.93e+ 01 5.10e + 00
f11 5.14e + 02 3.96e 4+ 01 5.88¢ + 02 3.27e+ 01 5.09¢ 4+ 02 6.20e + 01 4.3le +01 2.09e + 01 1.25e — 04 1.43e — 05 2.80e + 01 3.02e + 01 4.82e 402 4.27e + 01
f12 9.92e + 01 3.57e+01 6.7le+ 02 2.2le+ 03 6.70e +03 1.02e +04 7.2le+ 01 3.2le+ 01 6.44e —11 1.52e — 11 8.72e + 02 2.55e+ 03 2.41e+ 02 1.23e + 01
fi3 2.99e + 02 7.68e+ 01 3.75e+ 02 8.89e + 01 1.80e + 08 7.54e + 08 2.76e + 02 6.18e+ 01 6.13e +01 1.00e + 00 9.37e 4+ 07 4.02¢ + 08 2.59e 4 02 2.16e + 01
f1a 4.26e+ 02 7.16e +01 6.05e + 02 9.65e 4+ 01 2.62¢ +02 1.14e+ 02 9.37e +01 1.56e + 01 4.48e — 02 2.24e — 01 2.25e+4 02 4.59e + 01 6.19¢ + 02 9.25e 4 01
fis 1.18e + 00 1.60e + 00 1.15e4 02 3.65e + 02 2.40e + 02 5.34e + 02 3.67e 400 1.76e+ 00 7.10e —23 7.00e —23 5.99¢+ 00 1.19e+ 01 5.57e+ 01 5.22e 401
f16 3.04e + 02 3.94e +01 4.02¢+02 5.43e+ 02 6.75¢ 4+ 03 6.98¢ + 03 1.10e + 02 3.80e + 01 1.94e —02 9.70e — 02 2.08¢ + 02 1.49e + 02 4.84e 4 02 2.08e + 01
fir 6.42e + 02 7.15e +01 6.99¢ 4+ 02 2.25e + 02 1.04de 4+ 04 4.69¢ + 04 1.78¢ + 02 5.49¢+ 01 1.19¢ + 01 2.62e + 00 4.36e + 07 7.09¢ + 07 7.04de 4+ 02 3.92e + 01
fis 1.85e 4+ 02 2.23e + 01 2.38¢ +02 2.89¢ + 01 1.56e+ 02 3.62e + 01 1.04e+ 02 4.39¢e + 01 2.92¢ —04 6.77e¢ — 05 2.37e 4+ 02 7.02e + 01 1.09e¢ + 03 4.15e + 02
f19 9.66e + 00 6.0le +00 1.60e+ 01 8.2le+ 00 1.30e +02 4.68¢+ 02 1.17e +01 2.6le+ 00 4.79e — 23 2.65e — 23 4.70e + 02 1.84e + 03 5.83e 4+ 03 9.85e + 03
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Average errors and standard deviations of the GPALS-PSO and the base

algorithms in the SOCO test suite, for d

Table B.11

= 200.

mension n

Problem GPALS-PSOg 5 GPALS-PSOg.2 GPALS-PSOg.g DEpin DEexp CHC GCMAES
Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD

fi 3.75e — 11 9.67e — 11 2.12e+04 1.0le+05 2.12e 4+ 04 2.62e+ 04 6.39¢ — 16 5.32¢ — 16 1.78¢ — 16 1.60e — 17 9.6le + 02 1.65e + 03 1.17e — 16 1.13e — 17
fo 5.8le+ 01 1.54e+01 9.69¢+ 01 1.95e+ 01 7.10e 4+ 01 2.16e+ 01 1.0le+ 02 5.90e+ 00 1.89¢ + 01 1.05e¢+ 00 1.17e+ 02 7.60e + 00 7.47e —02 2.44e — 01
f3 5.59e + 02 5.50e + 02 1.06e + 10 3.67e+ 10 7.47e+ 08 2.83e+ 09 6.38¢+ 02 3.80e+ 02 1.79¢ + 02 8.89e + 00 2.54e+ 08 3.97e + 08 1.24e 4 02 8.85e + 01
fa 1.40e + 03 1.33e+02 1.95e+ 03 5.4le+02 1.23e+ 03 6.48¢ 4+ 02 4.2le+ 02 5.63e+ 01 8.52e —02 3.98¢ — 01 6.32e 4+ 02 8.43e+ 01 1.57e + 03 1.54e + 02
fs 3.63e — 02 9.39¢e — 02 1.54e+ 00 4.23e+ 00 2.97e 402 4.73e+ 02 3.00e — 01 7.73e — 01 7.49e — 17 6.94e — 18 1.02e +01 1.59e + 01 1.13e+ 00 2.84e -+ 00
fe 1.31le+ 01 7.55e+00 1.95e+ 01 5.74e —01 9.48¢ + 00 6.24e+ 00 5.28¢ + 00 9.65e — 01 6.46e — 13 2.53e — 14 8.14e+ 00 2.26e +00 1.93e + 01 7.39e — 01
fr 7.57e — 07 3.73¢e — 06 4.08¢ +02 1.73e+ 02 2.12e +28 1.06e+29 1.78¢ — 11 4.65e¢ — 11 2.25e¢ — 16 1.92e — 16 3.95¢ — 01 1.21e+ 00 1.25e+ 02 1.92e + 01
fs 34le+04 9.69¢ + 03 2.79¢ + 04 2.24e+ 04 1.54e+ 05 6.83e+ 04 8.33¢+ 11 0.00e + 00 8.33e+ 11 0.00e + 00 8.33e + 11 3.09e¢ + 08 8.56e + 11 3.36e + 09
fo 1.21e + 03 4.44e+01 1.27e+03 1.29¢+ 02 1.37e+ 03 2.45e +02 1.13e 4+ 03 1.87e¢+ 01 1.0le+ 03 1.30e+00 1.18e¢+ 03 8.29¢ 4+ 00 1.22e 4+ 03 1.79e + 01
f1o 6.05e + 01 9.70e + 00 2.56e+ 02 1.07e+03 6.17e + 01 6.93e + 01 5.52e¢ +01 1.02¢e +01 2.77e¢ —28 5.3le —29 7.34e+ 01 6.25e + 01 3.76e + 01 2.78e + 01
fi1 1.25e 4+ 03 7.25e +01 1.26e+ 03 1.0le4+02 1.26e + 03 1.74e +02 3.95e + 02 6.11e+01 2.55e — 04 3.20e — 05 4.03e + 02 8.45¢ + 01 1.08e + 03 8.25e + 01
fi2 2.94e + 02 4.74e+ 01 1.46e+ 04 6.96e+ 04 2.23e +04 1.90e 4+ 04 2.84e + 02 4.97e + 01 9.97e — 10 2.0le — 10 8.1le + 02 1.58e + 03 5.87e 4+ 02 4.52e + 02
fi3 6.63e +02 1.20e+ 02 1.0le4+09 5.07e +09 2.58¢ + 09 6.45e+ 09 7.52¢+ 02 2.7le+ 02 1.40e + 02 1.26e+ 01 2.06e 4+ 08 3.51e + 08 5.92e 4+ 02 1.08e + 02
f1a 1.08e 4+ 03 1.29e +02 1.33e+ 03 2.10e+ 02 1.03e +03 5.28e+ 02 3.11e+ 02 3.66e + 01 8.08e —03 4.04e — 02 4.90e + 02 5.23e + 01 1.26e + 03 1.81e+ 02
fis 7.0le+00 3.83e 400 1.58¢+ 03 1.07e+ 03 1.33e 4+ 16 6.63e+ 16 1.17e+ 01 2.85e 400 3.7le —24 2.32e — 24 1.40e + 01 9.80e+ 00 1.95e 4 02 1.66e + 02
f16 6.40e + 02 4.28¢ + 01 9.66e + 03 4.0le+04 1.48¢+ 04 1.75e+ 04 5.58¢ + 02 7.96e+ 01 7.85¢ —09 1.1le —09 6.77e + 02 6.04e + 02 9.56e + 02 3.33¢ + 01
fi7 1.30e + 03 1.25¢+02 1.1le+09 3.47e+ 09 5.28¢+ 07 1.81e +08 1.03e 403 1.1le+02 3.7le+ 01 8.30e —01 1.17e+ 07 1.70e 4+ 07 1.49¢ + 03 8.00e + 01
fis 4.80e 4+ 02 4.57e +01 6.15e+4 02 1.03e 402 4.17e +02 1.08e 402 7.53e +02 6.55e¢ + 01 5.10e — 04 9.97e — 05 7.67e+ 02 2.14e 4+ 02 3.94e + 03 3.91e 4 03
f19 4.22e +01 9.23e 400 3.46e+ 01 4.54e+ 01 9.73e + 02 2.48¢+ 03 4.0de+01 7.71e+00 1.67e —22 7.58e —23 7.5le+ 02 1.76e+ 03 2.53e + 04 2.45e + 04
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ions of the GPALS-PSO and the base

1at

Average errors and standard devi

Table B.12

= 500.

1mmension n

algorithms in the SOCO test suite, for d

Problem GPALS-PSOg 5 GPALS-PSOg.2 GPALS-PSOg.g DEpin DEexp CHC GCMAES

Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD Mean StD
f1 9.9le+ 00 4.83¢+01 7.22¢e+01 3.6le+ 02 7.22¢ 401 3.6le+ 02 3.88¢ —05 7.93¢e —05 5.17¢ — 16 1.36e — 17 9.25e+02 1.27¢+03 n/a n/a
f2 8.40e + 01 1.09¢+01 9.17e+01 1.53e+ 01 9.17e +01 1.53e+01 1.25e+02 5.37e+00 5.38¢+ 01 1.21e+ 00 1.35¢+02 5.52¢+00 n/a n/a
f3 1.57e + 07 7.85e + 07 2.64e+4 06 1.20e + 07 2.64e + 06 1.20e + 07 3.44e+ 04 1.62e + 05 4.74e+ 02 1.48¢ 400 6.93e+ 08 1.72¢+09 n/a n/a
fa 4.16e + 03 2.36e 4+ 02 4.04e + 03 3.74e + 02 4.04e + 03 3.74e + 02 2.35e 4+ 03 1.60e + 02 7.12e — 01 9.64e —01 2.1le+03 1.66e+02 n/a n/a
fs 4.44e — 01 5.6le — 01 4.06e —01 6.32e — 01 4.06e —01 6.32e —01 3.1le —01 5.07e — 01 2.38e —16 1.18¢ — 17 1.45e+ 01 2.52¢+01 n/a n/a
fe 1.94e +01 1.34e —01 1.94e+01 1.12e —01 1.94e+ 01 1.12e —01 1.49e+ 01 8.38¢e — 01 1.64de —12 4.85e —14 1.27e+01 1.26e+00 n/a n/a
fr 1.50e — 03 5.90e — 03 6.28¢ — 02 3.1le — 01 6.28¢ —02 3.1le — 01 2.74e — 03 6.49¢ — 03 7.29¢ — 16 3.58¢ — 16 3.33¢e — 05 1.12¢ —04 n/a n/a
fs 2.86e + 05 1.24e + 05 2.50e + 05 9.06e + 04 2.50e + 05 9.06e + 04 4.94e + 12 0.00e + 00 4.94e + 12 0.00e + 00 4.94e+ 12 1.42¢+08 n/a n/a
fo 3.36e + 03 1.17e +02 3.35¢+ 03 1.34e+ 02 3.35e+ 03 1.34e+ 02 2.97e¢+03 3.17e + 01 2.52e + 03 2.10e + 00 3.00e + 03 1.64e+01 n/a n/a
f1o 1.38¢ + 02 3.92e+01 1.4le+ 02 2.68¢+ 01 1.4le+02 2.68¢+ 01 1.36e+ 02 2.08¢+ 01 9.79¢ —28 1.43e —28 1.64e+ 02 5.62¢+01 n/a n/a
f11 3.38¢ + 03 1.23e+ 02 3.36e+ 03 1.12e + 02 3.36e +03 1.12e 4+ 02 2.34e + 03 9.22e + 01 6.78¢ — 04 3.60e — 05 1.67e+ 03 1.44e+02 n/a n/a
fi2 7.72e + 02 8.66e + 01 7.93e+02 9.52e¢+ 01 7.93e+ 02 9.52e 4+ 01 1.02e + 03 6.68e+ 01 6.80e —09 8.58¢ — 10 1.62¢e+03 1.83e+03 n/a n/a
fi3 2.50e +06 1.25¢ + 07 1.96e 4+ 03 6.20e + 02 1.96e + 03 6.20e + 02 2.49¢ + 03 3.13e +02 3.60e + 02 9.23e + 00 3.41e + 08 4.29¢+08 n/a n/a
fia 3.12e 4+ 03 2.07e 402 3.18e+ 03 2.10e+ 02 3.18¢ 403 2.10e+ 02 1.67e+ 03 1.51e+ 02 3.93e —01 1.05e+ 00 1.59e+ 03 1.57e+02 n/a n/a
fis 2.11e+ 01 7.92e +00 2.30e 401 7.36e+ 00 2.30e 401 7.36e+ 00 4.44e+01 5.59¢ 400 2.93e —18 7.16e — 18 3.50e + 01 1.20e+01 n/a n/a
fie 1.61le + 03 1.37e +02 1.69¢ +03 1.59¢ 4 02 1.69¢ + 03 1.59e¢ + 02 2.02e + 03 8.60e + 01 2.05¢ — 08 1.64e —09 1.92e 4+ 03 1.44e+03 n/a n/a
fir 3.28¢ + 03 2.30e +02 3.25¢+03 1.7le+ 02 3.25¢+ 03 1.7le+ 02 3.83¢+ 03 1.4le+02 1.12¢+02 1.02e +00 6.64e+ 08 1.64e+09 n/a n/a
fis 1.37e + 03 1.05e +02 1.33e +03 9.12¢ +01 1.33¢+ 03 9.12¢ 4+ 01 3.37¢ + 03 4.34e + 02 1.25¢ — 03 1.87e — 04 2.74e + 03 3.59¢ +02 n/a n/a
f1o 9.51le+01 1.67¢+01 9.57e+ 01 1.86e+ 01 9.57e+ 01 1.86e+ 01 1.29¢ + 02 2.34e 4+ 01 3.35¢ — 21 2.15¢ — 21 2.05¢ + 03 4.03¢+03 n/a n/a
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Average errors of the GPALS-DE, GPALS-PSO and other algorithms for

the CEC-2013 test problems f; — f.

.

Table B.13

fi f2 f3 fa I5 fe fr f8 fo
mGPALS-DE
30 0.00e + 00 1.40e + 05 2.83e + 07 2.49¢ + 03 0.00e 4 00 4.40e 4 00 1.03e + 01 2.09¢ + 01 2.19¢ + 01
50 0.00e + 00 2.78e + 05 4.89¢ + 08 6.43e + 03 0.00e + 00 4.36e + 01 3.17e 4+ 01 2.11le + 01 4.10e + 01
GPALS-DE
30 0.00e + 00 1.37e 4+ 07 1.58e + 09 2.42e + 04 0.00e + 00 2.51e + 01 1.08¢e + 02 2.10e + 01 2.7le + 01
50 0.00e + 00 3.28¢e + 07 1.08e + 10 4.46e + 04 0.00e + 00 4.60e + 01 1.48e + 02 2.11le + 01 5.30e + 01
mSHADE
30 0.00e + 00 1.97e 4+ 07 1.50e + 09 2.91e + 01 0.00e + 00 2.48e + 01 6.66e + 01 2.08¢ + 01 2.80e + 01
50 0.00e + 00 5.08¢e + 07 1.59e 4+ 10 3.85e + 01 0.00e + 00 4.49¢ + 01 1.39e + 02 2.09e + 01 5.56e + 01
SHADE
30 0.00e + 00 9.00e + 03 4.02e + 01 1.92e — 04 0.00e + 00 5.96e — 01 4.60e + 00 2.07e + 01 2.75e + 01
50 0.00e + 00 2.66e + 04 8.80e + 05 1.61e — 03 0.00e + 00 4.28¢ + 01 2.33e + 01 2.09e + 01 5.54e + 01
mL-SHADE
30 0.00e + 00 1.11e 4+ 07 1.17e 4+ 08 3.22e + 03 0.00e + 00 1.69¢ + 01 6.96e + 01 2.08¢ + 01 2.65e + 01
50 0.00e + 00 2.00e + 07 1.28e 4+ 09 1.00e + 05 0.00e + 00 4.34e 4+ 01 1.11e 4+ 02 2.10e + 01 5.45e + 01
L-SHADE
30 0.00e + 00 0.00e + 00 1.64e + 00 0.00e + 00 0.00e + 00 1.17e — 06 7.79¢ — 01 2.08e + 01 2.64e + 01
50 0.00e + 00 1.96e + 03 1.50e + 04 0.00e + 00 0.00e + 00 4.34e 4+ 01 1.93e 4+ 00 2.10e + 01 5.37e + 01
DEctbLS
30 0.00e + 00 1.99¢ + 05 2.11e + 06 3.82e + 02 0.00e + 00 7.08¢e + 00 5.68e + 01 2.09e + 01 2.40e + 01
50 0.00e + 00 6.55e + 05 2.20e + 08 1.21e+ 03 0.00e + 00 4.34e 4+ 01 1.05e 4+ 02 2.11e + 01 4.7le 4+ 01
jande
30 0.00e + 00 1.29¢ 4 05 9.84e + 06 1.97e + 04 1.26e — 08 7.93e + 00 9.82e + 00 2.09¢e + 01 2.10e + 01
50 2.76e — 08 6.05e + 05 4.78e 4+ 07 8.34e + 04 2.43e — 06 4.30e 4+ 01 2.94e + 01 2.11e + 01 5.33e + 01
DE_APC
30 0.00e + 00 1.75e 4+ 05 3.21e + 06 2.20e — 01 0.00e + 00 9.35e + 00 2.18e + 01 2.09¢ + 01 3.07e 4+ 01
50 0.00e + 00 3.60e + 05 6.98e + 06 1.53e 4+ 00 0.00e + 00 3.90e + 01 3.66e + 01 2.11e + 01 6.09¢e + 01
PVADE
30 0.00e + 00 2.12e + 06 1.65e + 03 1.70e + 04 1.40e — 07 8.29e 4 00 1.29¢ + 00 2.09e + 01 6.30e + 00
50 0.00e + 00 2.04e + 05 7.48e + 06 2.20e + 02 1.39¢ — 03 7.36e + 01 2.07e + 01 2.11e + 01 2.60e + 01
GPALS-PSO
30 0.00e + 00 1.40e 4 05 2.83e + 07 2.49e + 03 0.00e + 00 4.40e + 00 1.03e + 01 2.09¢e + 01 2.19¢ + 01
50 0.00e + 00 9.18e + 06 6.62¢ + 08 3.93e¢ + 04 0.00e 4 00 4.72e 4+ 01 9.45e 4+ 01 2.11e + 01 6.00e + 01
SPS02011
30 0.00e + 00 3.38¢e + 05 2.88e + 08 3.86e + 04 5.42e — 04 3.79¢ + 01 8.79¢ + 01 2.09¢e + 01 2.88e + 01
50 0.00e + 00 6.93¢ + 05 7.50e + 08 5.17¢ + 04 9.89¢ — 04 5.38¢ + 01 8.92e¢ 4+ 01 2.11e + 01 5.59¢ + 01
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Table B.14

f1o0 f11 fi2 f13 f1a fis f16 fir fis f19
mGPALS-DE
30 5.26e — 02 8.71le + 00 3.46e + 01 7.42e + 01 4.27e 4+ 02 5.38¢ + 03 2.56e + 00 3.99¢ + 01 1.38¢e + 02 2.72e 4+ 00
50 3.61le — 02 4.24e 4+ 01 8.39¢ + 01 2.0le + 02 8.79¢e + 02 1.04e + 04 3.27e¢ + 00 9.34e 4+ 01 3.10e + 02 1.44e + 01
GPALS-DE
30 6.67¢ + 00 0.00e + 00 1.14e 4 02 1.57e 4+ 02 2.08e — 01 4.28¢e 4+ 03 1.51e + 00 3.04e + 01 1.65e¢ + 02 1.05e¢ 4+ 00
50 2.13e + 01 0.00e + 00 2.97e + 02 3.97e + 02 2.32e — 01 8.52e + 03 1.89¢ + 00 5.08¢e + 01 3.68e + 02 1.94e 4 00
mSHADE
30 1.99¢ 4 01 0.00e + 00 1.30e + 02 1.59¢ + 02 2.86e — 03 4.79¢ + 03 1.50e 4+ 00 3.04e 4 01 1.05e + 02 1.56e + 00
50 6.11e + 01 0.00e + 00 3.43e + 02 3.10e + 02 8.08e — 03 9.32e + 03 1.71e 4+ 00 5.08¢e + 01 2.02e + 02 2.87e 4+ 00
SHADE
30 7.69e — 02 0.00e + 00 2.30e + 01 5.03e + 01 3.18¢ — 02 3.22e + 03 9.13e — 01 3.04e + 01 7.25e + 01 1.36e 4+ 00
50 7.37e — 02 0.00e + 00 5.86e + 01 1.45e¢ + 02 3.45e — 02 6.82e + 03 1.28e + 00 5.08¢e + 01 1.37e + 02 2.64e + 00
mL-SHADE
30 2.15e — 02 0.00e + 00 9.46e + 01 1.34e + 02 1.27e — 02 4.36¢e + 03 1.32e + 00 3.04e + 01 1.65e 4+ 02 1.62e 4+ 00
50 7.94e — 02 0.00e + 00 1.41e + 02 2.35e + 02 3.45e — 02 7.56e + 03 1.17e + 00 5.08¢e + 01 2.17e + 02 1.63e 4+ 00
L-SHADE
30 9.67e — 04 0.00e + 00 5.48e + 00 6.34e + 00 7.63e — 02 2.68¢e + 03 6.54e — 01 3.04e + 01 5.23e + 01 1.21e 4+ 00
50 1.27¢ — 02 4.66e — 09 1.41e 4+ 01 2.12e + 01 4.02e — 01 6.36e + 03 1.26e + 00 5.08¢e + 01 1.04e + 02 .56e + 00
DEctbLS
30 2.0le — 02 5.85e — 02 5.42e + 01 1.01le + 02 3.29¢e + 01 3.43e + 03 7.27e — 01 3.53e + 01 7.94e + 01 1.50e 4+ 00
50 3.21e — 02 4.64e 4+ 00 1.34e 4+ 02 2.47e + 02 2.31e + 02 6.25e + 03 1.63e 4+ 00 6.58e + 01 1.57e + 02 2.95e + 00
jande
30 7.91e — 02 0.00e + 00 4.28e 4+ 01 7.08¢ + 01 1.33e 4+ 00 4.83e + 03 2.28¢e + 00 3.04e + 01 1.23e + 02 1.10e 4+ 00
50 1.47¢ — 01 1.95e¢ — 02 9.72¢ + 01 1.76e + 02 8.01e + 00 9.48e + 03 3.13e + 00 5.08e + 01 2.18e + 02 2.24e 4+ 00
DE_APC
30 6.42e — 02 3.08¢e + 00 3.17e + 01 7.55e + 01 3.84e + 03 4.14e + 03 2.46e + 00 5.92e + 01 6.04e + 01 2.30e + 00
50 6.71e — 02 3.44e + 01 5.96e + 01 1.55e 4+ 02 9.96e + 03 9.34e + 03 3.24e 4+ 00 1.72e + 02 1.05e 4 02 5.08e + 00
PVADE
30 2.16e — 02 5.84e + 01 1.15e¢ + 02 1.31e + 02 3.20e + 03 5.61e + 03 2.39¢ + 00 1.02e + 02 1.82¢ + 02 5.40e + 00
50 5.99¢ — 01 1.68e + 02 2.57e + 02 3.06e + 02 7.34e + 03 1.25e + 04 3.39e + 00 2.38e + 02 3.87e 4+ 02 2.12e 4+ 01
GPALS-PSO
30 5.26e — 02 8.71le + 00 3.46e + 01 7.42e + 01 4.27e 4+ 02 5.38¢ + 03 2.56e + 00 3.99¢ + 01 1.38¢ + 02 2.72e + 00
50 3.66e — 01 1.94e + 02 2.06e + 02 3.32¢ + 02 5.42¢ + 03 8.33e 4+ 03 1.91e + 00 2.76e + 02 2.66e + 02 2.25e 4+ 01
SPS0O2011
30 3.40e — 01 1.05e¢ + 02 1.04e 4+ 02 1.94e 4+ 02 3.99¢ + 03 3.81e + 03 1.31e + 00 1.16e + 02 1.21e + 02 9.51e + 00
50 4.06e — 01 2.36e + 02 2.40e + 02 4.30e 4 02 7.29¢ + 03 7.99¢ + 03 1.99¢ + 00 3.07e 4+ 02 2.98e + 02 3.69¢ + 01
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the CEC-2013 test problems fy) — fos.

Table B.15

f20 fa1 fa2 fa3 faa fas f26 for fas
mGPALS-DE
30 1.13e 4+ 01 3.15e + 02 3.07e + 02 4.89¢ + 03 2.15e + 02 2.48e + 02 2.20e + 02 5.19e + 02 3.0le 4+ 02
50 2.08e + 01 8.45e + 02 6.13e + 02 1.04e + 04 2.51e + 02 2.92e + 02 2.95e + 02 9.11e + 02 5.90e + 02
GPALS-DE
30 1.32e 4+ 01 2.70e + 02 4.76e 4 01 4.87e 4+ 03 2.7le + 02 2.70e + 02 2.01le + 02 8.00e + 02 3.00e + 02
50 2.34e + 01 3.65e + 02 2.25e + 01 9.88e + 03 3.41e + 02 3.37e 4+ 02 2.03e + 02 1.59¢ 4+ 03 4.00e + 02
mSHADE
30 1.12e 4+ 01 2.26e + 02 4.62¢e + 01 5.57e + 03 2.75e + 02 2.93e + 02 2.01e + 02 6.07e + 02 3.00e + 02
50 2.12e + 01 2.74e + 02 3.83e + 01 1.10e + 04 3.50e + 02 3.88e + 02 2.02e + 02 1.57e + 03 4.00e + 02
SHADE
30 1.05e + 01 3.09¢e + 02 9.81e + 01 3.51e + 03 2.05e + 02 2.59¢ + 02 2.02e + 02 3.88e + 02 3.00e + 02
50 1.93e 4 01 8.45e + 02 1.33e + 01 7.63e + 03 2.34e + 02 3.40e + 02 2.58e + 02 9.36e + 02 4.58e + 02
mL-SHADE
30 1.20e + 01 4.23e 4+ 02 1.11e 4+ 02 4.96¢e + 03 2.68e + 02 2.87e + 02 2.00e + 02 1.00e 4+ 03 3.00e + 02
50 2.24e + 01 3.39e + 02 1.39¢ + 01 9.31e + 03 3.47e + 02 3.82e + 02 2.06e + 02 1.74e + 03 4.00e 4 02
L-SHADE
30 9.48¢e + 00 2.96e + 02 1.09¢ + 02 2.51e + 03 2.00e + 02 2.40e + 02 2.00e + 02 3.02e + 02 3.00e + 02
50 1.78e 4+ 01 8.27¢ + 02 1.47e + 01 5.60e + 03 2.12e + 02 2.77e + 02 2.33e + 02 4.19e 4 02 4.00e + 02
DEctbLS
30 1.17e 4+ 01 3.36e + 02 2.56e + 02 3.59¢ + 03 2.64e + 02 2.83e + 02 2.00e + 02 9.38¢e + 02 3.00e + 02
50 2.17e + 01 5.24e + 02 6.89¢e + 02 7.77e + 03 3.31e + 02 3.60e + 02 2.00e + 02 1.55e 4+ 03 4.00e + 02
jande
30 1.16e + 01 2.94e + 02 5.16e + 01 4.61e + 03 2.48e + 02 2.60e + 02 2.58¢e + 02 7.22e + 02 3.00e + 02
50 2.15e + 01 8.24e + 02 3.10e + 01 9.48e + 03 2.89e + 02 3.17e 4+ 02 3.97e 4+ 02 1.16e 4+ 03 9.43e 4+ 02
DE_APC
30 1.26e + 01 2.67e + 02 4.56e + 03 4.18e + 03 2.92e + 02 2.99¢ + 02 3.28e + 02 1.19¢ 4+ 03 3.00e + 02
50 2.23e + 01 6.81e + 02 1.06e + 04 9.09e + 03 3.84e + 02 3.83e + 02 4.09e 4 02 2.14e + 03 6.97e¢ 4+ 02
PVADE
30 1.13e 4+ 01 3.19¢e + 02 2.50e + 03 5.81e + 03 2.02e + 02 2.30e + 02 2.18e + 02 3.26e + 02 3.00e + 02
50 2.07e 4+ 01 9.65e + 02 7.72e + 03 1.18e + 04 2.78e + 02 3.54e 4 02 3.47e 4+ 02 1.11e + 03 4.62e 4 02
GPALS-PSO
30 1.13e 4+ 01 3.15e + 02 3.07e + 02 4.89¢ + 03 2.15e + 02 2.48e + 02 2.20e + 02 5.19¢ + 02 3.01le + 02
50 2.22e + 01 4.03e 4+ 02 7.03e + 03 1.00e 4 04 3.52e + 02 4.00e 4 02 2.16e + 02 1.88e + 03 4.67e 4+ 02
SPS02011
30 1.35e¢ 4+ 01 3.09e + 02 4.30e + 03 4.83e + 03 2.67e + 02 2.99e + 02 2.86e + 02 1.00e + 03 4.01e + 02
50 2.25e + 01 8.78¢e + 02 9.10e + 03 1.04e 4+ 04 3.43e + 02 4.03e 4 02 3.92e 4 02 1.69¢e + 03 9.13e 4+ 02
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